
MELLOR, D.Sc., F.R.S 




WITH ILLUSTRATIONS 


NEW liyiPRESSION 


MODERN 

INORGANIC CHEMISTRY 


LONGMANS, GREEN AND CO/ LTD. 
39 PATERNOSTER ROW, LONDON, E.C.4 
YORR, TORONTO 





PREFACE 


The true aim of the teacher must be to impart an appreciation of method, and 
not a kanwledge of facts.~~K. Peaesojt. 

The power to recognize and to follow truth cannot be conferred by academical 
degrees, —Pakacelsus. / 

Every teacher now recognizes that it is a sheer waste of time to introduce 
many abstract ideas into an elementary science course without a previous 
survey of facts from which the generalizations can be derived. In most 
cases the historical mode of treatment is correct, because the generaliza- 
tions have iismally developed from a contemplation of the facts; in 
other eases the historical treatment may involve digressions which would 
seriously interfere mth the efficiency of the course. Obviously, a teacher 
will try his best to instil the maximum amount of scientific method into 
the facts— as prescribed by his syllabus and time-table — always remember- 
ing that the student gets more lasting benefit from the method than from 
the facts per se. In after-life the scientific method may be retained as a 
permanent attitude of the mind when the facts themselves are nearly all 
forgotten. Consequently, the teacher seeks to develop a certain spirit or 
attitude of mind which is almost equivalent to a sixth sense, and therefore 
the justification for a general course in chemistry must be sought in the 
mind of the student rather than in the facts of the science. What, then, 
may a student expect from a general course of chemistry ? 

1. Skill in observation and experiment — All are agreed that 
}3ersonai contact with facts is a great advantage. The constant 
absorption of statements and opinions from text-books makes a 
student lean so much on authority that he ultimately becomes un- 
fitted for independent observation. Habits of self-reliance, resource, 
and initiative can be acquired only in the laboratory, or by direct 
contact with the facts them^lves. But practice in observation and 
experiment is not aloiie sufficient to develop the scientific facult^^ 
The observational powers of a savage are usually keener than those 
of a civilized man, and a student may learn to observe without 
gaining much beyond an increased 'facility :in the 'art.; and he may 
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become very ' sMIfiii , in- experimenting witliont 'gaining' nine h more 
than mere ciexterity ill manipiilation, 

2. if emory amd hiowledge of relevant fads. — ^Facts^ of course, 
form the raw material which is refined by scientific methods into 
science itself. Science can do nothing without facts. Consequent!}', 
many facts must be memorized by the neophyte in chemistry. Some 
students soon learn the trick of amassing and memorizing ail lands of 
information in a mechanical way. All the facts associated with a 
phenomenon may not be of equal importance. In practice it is not 
always easy to discriminate between relevant and irrelevant facts. 
Still, it is important to confine the attention as closely as possible to 
relevant and essential facts, and to discard those irrelevant and 
accidental The tyro in chemistry must trust his teacher to indicate 
the more significant facts to be committed to memory, and used as 
material for exercising his intellect and wits. 

3. Ahiliiy to reason and iJdnh in a logical systematic way. — A 
student must learn to reflect on the available data bearing on tlic 
problem ill hand, and to explain a phenomenon by drawing legitimate 
inferences from approved" evidence. It is a mistake to postpone the 
exercise and discipline of the thinking faculties until a student has 
memorized a vast accumulation of facts. It is necessary to form 
habits of reflection and thought as early as possible. Exercise means 
growth. It is far easier to acquire a mass of facts than to learn to 
draw a sound inference as to what the facts prove. Tfie thinking 
faculty can be developed only through the student’s own individual 
efforts. J list as the memory, in some subtle way, grows more vigorous 
with use, so the exercise of the thinking faculties enhances the power 
to think. Every exercise of the reason, said Sir Humiihry Davy, in 
1811, strengthens the habit of correct thinking, and adds sometimes to 
the influence and power of common sense. Vague indefinite observing 
is usually followed by muddled inchoate thinking. Clear thinking 
pre-supposes clear seeing. 

4. Cultivation of the ivfiagination. — Some teachers have very 
pronounced objections to the introduction of scientific theories in an 
elementary course ; they claim that ‘‘ it is not scientific to present 
and discuss, say, the atomic theory in an elementary chcmisti'}' 
course.” It might be asked what constitutes an elementary course ? 
It would be a great mistake to suppose that science has no need for 
the imagination, for it is very true, as K. Pearson has said, tliat 
“ disciplined imagination has been at the bottom of all great scientific 
discoveries ” j ■ and, as % A.;;Mske' has sCSid, that every hypothesis 
and law of science is the. result of a vivid imagination.” Imagination 
helps to complete the picture - outlined by observation and inference. 
The picture, must, of opurse, .he tested aixd criticized in every con- 
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ceivable way to make sure that it is not a mirage among the purpled 
morning clouds to be dispelled by the dawning light, 

. 5, . Developnent of a critical aiid impartial f%dgment.-~~Thd 
imagination, though very useful, is a most dangerous ally ; and a 
sharp line of demarcation must be observed between valid or legiti- 
mate deductions from the evidence and what has been supplied by 
the imagination. Each proposition must be judged solely on its 
merits. There must be no shirking of the facts, no exaggeration, no 
distortion of the naked truth. The mind must be kept open and free 
from prejudice. The student must learn not to prejudge data and 
phenomena by ideas formed indejjendently of the things themselves. 
A teacher soon accumulates remarkable examples of the iiifiuence of 
expectation on judgment. If a practical class knows what quanti- 
tative result ought’’ to be obtained, it is surprising how much 
nearer that result the majority mil get than if the true result were 
unlmown-— and this without dishonest intention. Rigorous honesty 
and absolute impartiality in dealing with approved evidence are in- 
dispensable. A complete absence of bias can alone give reality and 
meaning to soientifio truths. 

I have to thank several authorities for permission to use a number 
of quotations find a selection of questions from college examination 
papers. The source of each is indicated in the text. The original wording 
of the examination questions has been slightly modified in a very few cases. 
I have pleasure in thanking a number of friends for reading portions of the 
proofs. In some cases I have persuaded friends who have specially studied 
a particular phenomenon or process to glance through the proofs to make 
sure ail is sound. I gratefully acknowledge the help I have consciously 
and sub-consciously received from the examination and review of a large 
number of text-books during the past few years. I have been very 
fortunate in having had the difficulties experienced by students with the 
old edition placed before me by a number of teachers, and I have taken 
advantage of their kindness to incorporate many of the results in the new 
text. For this they have my best thanks. I have been asked at various 
times for the authority of many statements ; these, accompanied usually 
by fuller details, will be found in A Camprehensive Treatise on Inorganic 
and Theoretical Chemistrij. I am greatly indebted to Messrs. H. Edwards^ 
G. White, H. Oliver, B.So., and A. Johnson, for reading the proofs. 

J. W. M. ■ ■ 

Sahbon House, 

8toki-on-Teent. ' ' . 

- ' Fehriiarg^ 1925. • 
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MODERN 

INORGANIC CHEMISTRY 

CHAPTER I 

Inteoduction 


§ 1. The Evolution of Ghemistry. 

The xTi'ogTess of science is as orderly and determinate as the movement of 
the plan^ets, the solar systems, and the celestial firmaments. It is regalated, 
bylaws as exact and irresistible as tho.se of astronomy, optics, and 
chemistry. --“S. Biiovv.n ( 1843). 


As a result of iieiy controversies waged about the philosophy of Aristotle, 
we are told that the citizens of Geneva, towards the end of the 16th 
century, decreed : ‘‘ For once and for ever, in no branch of learning shall 
any one stray from the pliiiosophy of Aristotle.’* The modern student 
cannot obey this dictum in blind faith. Knowledge grows. There is 
a universal law of progressive development whereby error gradually 
diminishes and truth exi^ands. Consequently, the opinions of Aristotle 
were founded upon a less developed and a cruder knowledge of facts and 
phenomena than is the case with the present generation, which has a 
wonderful heritage of accumulated experience and ideas which have 
been stored, selected, and sifted by centuries of toil and labour. 

T. Bergman, and A. Comte have shown that it is eiiaracteiistic of the 
progressijig human miiid to employ three different methods of explaining 
natural phenomena, and that man’s opinions concerning natural processes 
can usually be traced thi’ough three epochs ; (i) the mythological or 
superstitious, (ii) the metaphysical or abstract, and (iii) the positive or 
scientific. Otherwise expressed, in the first stages of his learning, man 
attempted to explain natural phenomena by supernatural agencies ; in 
the second, l^y abstract reasoning ; and in the third stage, by ascertaining 
the laws of succession and similitude by the study of accurately observed 
facts. This famous liypothesis has been called Comte’s law of three 
states. True, tlie three #pochs may overlap and blend with one another 
so that no sharp boundaries can be . made with respect to time or 
place, and, owing to special circumstances, there may be a retrograde 
mo\Tinent by the advent of an age of intellectual darkness; yet, in the 
main, these three periods characterize the growth of science as surely as 
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the child, the hoys and the man characterize tlie developineiit of an 
individuaFs mind. Chemistry is a particularly happy illustration of 
Comte's idea. 

I. The first, the mythological,: or s-uperstitious stage.-This .repre- 
seiits the childhood of chemistry, for, as man emerged from the mists 
of prehistoric antiquity, everything must have appeared to be full of 
wonder and mystery. He was overawed by the wind and the rain ; by 
the lightning and the thunder; by the eclipse and the comet ; and by 
the rainbow and the clouds. The student of nature lived in a bewildering 
di’eamland of mixed magic and myth which led him to ascribe suparnatural 
explanations to inaccurately known facts, and consequently, he seemed to 
be surrounded on all sides by an invisible world of spirits and demons. 
Just as man's own actions seemed to be the result of his own efforts and 
volitions, so did natural phenomena appear to be the wm’k of benignant 
or malignant spirits in air, earth, or sea; and man accordingly made 
oblations to their residing deities to secure their kindly offices. Chemical 
phenomena wme produced by spirits— the salamander or the sylph, the 
naiad or the nymph, the undine or the gnome — indwxffiing in dilferent 
bodies, -whose aid was immked by incantation or charm to produce success- 
ful experiments. 

Accordingly, men who studied nature in those days were often suspected 
of tampering w-ith the spirits of evil, and chemistry came to be known as 
one of the seven devilish arts. So too arose a childish fear and hatred of 
science, and the belief — ^widespread in the Middle Ages — that science is 
dangerous, and its votaries ought to be suppressed. In jllustration, in 
1287 it was proposed to suppress chemical studies as had been attempted 
with physics in 1243; again, the Accudemia dei Segreti — ilcademy of 
Nature’s Secrets — founded by J. B. Porta in 1602 for the discussion of 
scientific subjects, was dissolved after a short but glorious existence, 
apparently because it was believed that magic and the black arts were 
practised at its meetings. In the '13th century, Roger Bacon was arraigned 
at Oxford on an indictment for practising sorcery and magic ; and in 
order to disprove these accusations, he wrote his celebrated E^nMola, 
which shoived that phenomena and appearances, thcai attributed to 
supernatural agencies, were simply due to the operation of natural law's. 
Again, in the middle of the 16th -century, J. B. Porta tried to show that 
the magic of nature is quite as wonderful as that of wizards and watches. 

The cuneiform inscriptions and the records of antiquity Avliich have 
been transmitted to us, show that the early chemists Avere dojuinated l:>y 
the gratuitous assumption that “the interior agencies AA^iiich keep the 
world in motion Avere personal forces essentially out of and above nature.” 
Tiie magician and tlie sorcerer, the necromancer and the AAizard, were 
the founders and keepers of the first rudimentary knowledge of nature. 
Accordingly, ImoAAicdge and superstition AAxre incet'ACOven Avith Avondrons 
ingenuity and subtilty. The alchemists, following the mysticism intro- 
duced by the Alexandrian and Arabian schools, had virtually rcAXU’ted 
to this stage of development AAdien they spok^ of red bridegrooms (gold) 
and lily brides (silver) ; of green ebragons (mercury) and red lions (gold) ; 
of black croAA's (lead) and yellow scorpions (sulphur) ; and of dying eagles, 
fugitive stags, and inflated toads. One, of the older chemists described 
the result of triturating mercuric chloride -with merciuy, resulting in the 
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fomation of mercuroiis cliloride, in these pompous words r The fi 
serpent is tamed, and the chugon so reduced to subjection as to oblige him 
to devour his own tail.” Another old book represented the dissolution 
of gold in aqua regia by a lion devouring the sun as depicted in Fig. 1. 
The seven metals— gold, silver, an alloy, copper, tin, iron, and lead- 
known to the early Chaldeans, 
were also designated by the 
names and symbols' of the 
seven greater heavenly bodies 
—the' Sun, Moon, "Mercury, 

Venus, ; Jupiter, ' . Mars, , and 
Saturn. A close relation was 
supposed to subsist between 
tlie metals and their respective 
planets, so that nothing could 
liai^pen to the one which was 
not shared by the other ; and 
it was further supposed tiiafc 
experiments with any par- 
ticular metal were more likely 
to succeed when tlie governing 
planet was in the ascendant, 
and near its zenith. 

11. The second or philoso-* 

phicai stage. — x4,t last man Pjq. p — An Old Symbol representing the 
roused himself from his stupor Dissolution of Gold in Aqua Eegia, 
of helpless wonder and childish 

guessing. He dimly realized some method in nature’s inscrutable com- 
plexity. Unfortunately, his vision was soon bedimmed and his mind 
intoxicated. Accordingly, we now find him arrogantly proclaiming the 
supremacy and omnipotence of the human reason. The majority of 
educated people of t|iat age believed it to be undignified for a self- 
respecting man to make experiments, and they did not consider know- 
ledge obtained by observing nature to be a serious subject worthy of 
mental occupation. Indeed, men were so proud of their intellectual 
supi'omacy that tliey persuaded themselves that their fancies about 
nature were liner, nobler, and more worthy of belief than nature herself ; 
and Plato apparently considered that the secret laws of nature could 
be invented by abstract thinking ; for he said that “ real knowledge is 
obtaiiied by a simple ]3roeess of reasoning independently of all information 
furnished by the senses ” : and he expressed his delight with the saying 
that “ the mind is the cause and orderer of all things.” The numerous 
absurdities obtained by the application of this principle emphasize the 
vanity of the attempt to explain incomprehensible facts by nebulous 
words ; for example, Plato stated : 

Tlie universe is a unique, perfect, and spherical production, because the sphere 
is the most perfect of figures ; and it is animated and endowed with reason, because 
that which is animated and endowed with reason is better than that which is not. 

Even Aristotle, tlie father of logic, reasoned that a vessel containing ashes 
would hold as much water as whoA the vessel contained no ashes. The 
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conclusion is not true, showing tha,t Aristotle did not always recognize 
the need for the discipline of the imagination by rolenticssly (diccking 
reason against inexorable fact. ^ 

Thus, man did not always see with Cicero that nature is a ])etter teacher 
than the most ingenious philosopher. The methods of thinking, the 
inuch-*yauhted philosophy of Plato and Socrates, in its attempt to proclaim 
the Ia%vs of neatnre from the throne of human reason, actually obscured the 
path of progress for many centuries, for it became the fashion to look with 
lofty scorn on knowledge gleaned by observing nature. Accordingl}% 
the leading philosophers worshipped what Francis Bacon might have 
called idols of the imagination ; they devoted themselves to fantastic and 
chimerical hypotheses about material things ; and made no earnest attempt 
to discriminate between the unreal and the real. As a result, their minds 
became so prejudiced that the facts were either denied, or else explained 
by extravagant ideas and fancies uncontrolled by truth and reality as 
we understand these terms to-day. 

III. The third, the scientific, or the positive era. — The marvellous 
Greeks gave promise of inaugurating this era before the advent of 
Christianity, but the feeble light kindled by Aristotle flickered and almost 
expired in the atmosphere of mysticism which prevailed in the Middle 
Ages. Dining this period, man almost reverted to the pandemonium of 
miracle and magic of his childhood days. The light reappeared about 
the i3th century, and gained brilliancy during the succeeding centuries ; 
man then learned to see that nature is as she is, and is nof subjected to 
the capricious will of deity or demon ; man recognized that nature is 
always conformable with herself without contradictions and without 
inconsistencies. 

The evolution of this stage of chemistry, physics, etc., is connected 
with the development of the so-called scientific societies. The Accademia 
del CimmtOf founded at Florence in 1657, under tlie x>residency of Prince 
Leopold de Medici, was the lix'st scientific society of any importance ; 
its main object was “ the repudiation of any favourite system or sect of 
philosophy, and the obligation to investigate nature by the pure light of 
experiment.” Although it lived but ten years, it enriclied the ■world by 
leaving a volume of important records of experiments, chiefly in pneumatics. 
The Royal Society of London was founded in 1660 ; VAcademie des Sciences 
of Paris in 1666 ; the Academia mPura? curiosorum of Germany in 1752 t 
and many others were founded in the 18th century. In some excex>tioual 
cases, these associations degenerated into “ fastnesses from whicli jore- 
judice and error were latest in being expelled; and they joined in 
persecuting the reformers of science.” In general, however, the policy 
of these associations was to encourage the investigation of nature by 
observation and experiment ; Arriere les theories, viveni ks falls I was their 
watchword; and, instead of clothing their results in enigmatical and 
allegorical language, they sought to give a candid and straightforward 
account of their investigations and thoughts. In this way, the obscure 
mysticism of the Middle Ages -was ^adually dispelled. Man rediscovered 
that he does not bring any knowledge into the w'-orld with him ; that 
the subtilties of nature far transcend the subtilties of the human reason ” ; 
and that '' knowledge cannot, foe invented, it must be discovered.” Pro- 
gress was then assured, and the manifold achievements of the observational 
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and positive sciences diiring the past century are in striking contrast with 
the paucity of the results of philosophical thinking apidied in vain for 
thousands of years. 

§ 2. The Observation and Record of Facts. Collecting* .Data. 

The mind is like a blank tablet upon which experience writes tliat wliicli is 
perceived by the senses. — ^A ristotle (320 B.O.). 

To what can we refer for knowledge ? What can be a more certain criterion 
than the senses themselves ? If we cannot trust the senses, how is it 
possible to distinguish what is true from what is false ? — Lucrctius 

„ fOO.B.c.). , 

I know only that truth is in the things and not in rny mind which judges 
them, and that the less I, put my mind in my judgments about them, tlie 
more sure am I to come near to the truth. — j. J. Kousseau (1770). 

H. Poincare has emphasized in a very telling manner that true know- 
ledge about material things can be acquired only through the senses — • 
experientia clocet ; there is no other way. Experience is the well-spring 
of true knowledge ; experience alone can teach something new ; it alone 
is irrefutable ; it alone can give certainty. The same idea was suggested 
by Aristotle and the peripatetical philosophers: “nothing is in the 
intellect which was not first in the senses,” and by Roger Bacon about 
1266. Experience comprises all the impressions we observe and perceive 
through the various organs of sense. These impressions are recorded in 
our notebooi^s, dictionaries of chemistr}’*, etc., as empirical realities or 
facts. Although knowledge cannot transcend the hum.an faculties, 
much of the data of science is not directly furnished by the senses, for the 
senses are quite unable to discriminate the subtilties of nature. For 
instance, the speed of light and the size of atoms are magnitudes either 
too great or too small to be accessible to sense perceptions. Yet much 
data derived indirectly from the insensible physical world are assumed to 
be realities or facts, when actually they are known only by inference from 
data furnished by the senses. Without facts, science can do nothing; 
they are the foundation and building stones of the whole superstructure. 
The edifice can be stable only in so far as it is founded upon the immu- 
tability of facts. The facts must be accurate, or the edifice will be 
unstable. 

Not ver}^ many years ago, an apt quotation from one of the classical 
writers — say Aristotle — was considered ample proof of the truth of any 
statement. Science does not accept P. Bonus’ dictum : “ The mere 
fact tiiat a great body of learned men believe a statement supersedes the 
necessity for proof.” To-day, science looks askance on records of mere 
opinions, and focxises its attention on secords of facts. It is not alw’ays 
easy to record facts faithfully without unconscious distortion or bias. 
What we wish, said Demosthenes, that we believe; what we expect, 
said Aristotle, that we find. Things are not always what they seem. 
Seeing is not always believing. It,, is often difficult to distinguish appear- 
ances from realities, for we g^re easily deceived by the mockery of sensations. 
The senses cannot be divorced from the mind ; neither is always to be 
trusted alone. The sun appears to rise and set ; in reality it does neither. 
So, although experience is the source of truth, it may also be a source of 
error. Superficial appearances may obscure hidden realities. Plato of 
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old was unduly oppressed mth the illusions and deGeptioiis of sensory ini- 
prossious, and he was accordingly led to deny the validity of Imowledge 
derived from the sensations ; but Aristotle rightly showed that diflieultics 
arise only when the mind wrongly interprets the testimony of the senses. 

It is therefore sometimes necessary to receive with caution the testimony 
of evidence derived from sensations. The mind interprets a sensation by 
comparing it with some former sensation, the source of which has been 
previously determined. Consequently, the faithfulness of the inter- 
pretation is dependent upon the memory of past sensations, or upon the 
sensitiveness of the mind to detect resemblances and differences. Other- 
wise expressed, the accuracy of an inference as to the nature ot tlie ohjectioe 
source of a s'uhjective mnmtioii varies from a mere guess to virtual certainty. 
The idea has been aptly illustrated this wise : just as a number of bits 
of glass irregularly arranged always form symmetrical patterns wiieii 
viewed through, the kaleidoscope, so docs the understanding of each, man 
impose a j)attern of its own upon the various sensations which it j)ercei\"es. 
Consequently, as Robert Hooke once said : It is necessary to be on guard 
against deep-rooted errors which may have been grafted upon science 
by the slipperiness of the memory, the narrowness of the senses, and the 
rashness of the understanding. The greatest caution must be exercised 
in accepting, on secondhand evidence, facts Avhioh cannot be verified. 
No reliance can be placed on vague impressions. Evidence must be clear 
and precise. 

Eew persons can estimate and register facts impartially and fairly. 
As W. S. Jevons puts it: “Among uncultured observers, the tendenc};' 
to remark favourable and forget unfavourable events is so great that 
no reliance can be placed on their supposed observations.” Untutored 
minds are very prone to mistake inferences for observations, and pre- 
possessions for facts ; their observations and their judgments are alike 
■\dtiated by dogma and prejudice ; they do not seek to investigate, they 
seek to prove. The old i^roverb is inverted, believing is seeing. The 
student of science must pledge himself to do his best to eliminate pre- 
possession and dogma from his judgments, and he must spare no pains 
to acquire the habit of recording phenomena as they are observed ; 
and to distinguish sharply between what is or has been actually seen, 
and what is mentally supplied. It requires a mind disciplined liite a 
soldier to avoid the natural inclination to look away from unwelcome facts. 

The purity of truth is almost certain to be corrupted when the observer 
is dominated by preconceived opinions, for, as 0. W. Holmes puts it: 
When we have found one fact, we are very apt to supply the next out of 
the imagination. It is only in a pseudo-science that j)ositive evidence, 
or such as tells in favour of its doctrines, is admitted; and ail negative 
evidence, or such as tells against it, is excluded. C. Darwin has stated that 
one of his golden rules was to make a memorandum of any fact or thought 
which he found to oppose his general results, because he noticed by 
experience that such facts or thoughts were far more apt to escape the 
memory than favourable ones. Above all, said Robert Hooke, a good 
observer lieeds a sincere hand and a faithful eye, to examine and record 
things themselves as they really appear. “ The mind and the reason of 
the trustworthy, observer must .bO;- trained to rebel against aU desire, and 
to disobey all inclinations.” 
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§ 3, The Gollating, Sifting*,, and Clarifying* of Observatiphs« ' 

Classifying Data. 

History teaches that the commeneenieiit of every branch of science is nothing 
more than a series of observations and experiments which had no obvious 
connection with one another.-— J. vou- Liebig (1846). 

In order that the facts obtained by observation and experiment may be 
capable of being used in furtherance of our exact and solid knowledge, 
they must be apprehended and analysed according to some conceptions 
which, applied for this purpose, give distinct and definite results, such as 
can be steadily taken hold of, and reasoned from.— W. Whbwell. 

The record of facts obtained by observation, and experiment, j:>er 8e, 
is empkical knowledge. Empirical is derived from a Greek word meaning 
experienced. , It has just been emphasized that all knowledge is derived 
from experience, and hence empiricism would appear to be the right 
method of acquiring knowledge. The term, however, has slightly changed 
in. meaning, for it is now usually applied to chance, experiences which occur 
iiTegiilaiiy without any orderly plan of investigation. 

All true science, said T. Huxley, must begin with empirical knowledge, 
Nature, however, presents to our senses a panorama of phenomena 
co-mingled in endless variety so that we are sometimes overwhelmed and 
dazed by the apparent complexity of empirical knowledge. It is work 
for the intelleoi to educe the elements of sameness amidst apparent 
diversity, and to see differences amidst apparent identity. It is work 
for the judgment to reject accidental and transient attributes, and to 
consolidate essential and abiding qualities. Consequently, while the 
primary aim of science is to collect facts, the higher purpose of science is to 
show that, amidst wdld and terrible disorder, order and law reign su.preme. 
The man of science seeks a refuge from this bewildering complexity in 
unifying principles by which the facts can be grouped and classified into 
systems. As he gazes into nature, the man of science must be quick to 
discern hidden resemblances amidst a thousand differences ; he must be 
quick to disentangle natural relations .from a medley of detail ; and quick 
to detect dissemblances amidst alluring similarities. 

Empirical knowledge describes facts; science begins by comparing 
facts. Empirical facts, in consequence, can form a science only when 
they have been arranged, rearranged, grouped, or classified so as to 
emphasize the elem.ents of similarity and identity in different phenomena. 
Accordingly Thomas Hobbes expressed the opinion that the main purpose 
of science is tlie tying of facts into bundles. This bundle-tjdng, indeed, 
\ forms no s.mall or insignificant part in the development of science ; other- 
wise expressed, a significant advance has been made in the development 
of a science when the observed facts have been codified into a system so 
that a medley of empirical facts is systematicaEy summarized under a 
small, number of heads. This means that the facts must be arranged in 
a methodical and systematic manner until finally ail the relevant facts 
takeia together may forni one system., . The process of classification and 
correlation is one of the methods of scientific investigation. Knowledge 
so systematized is scientific knowledge. T. Bergman illustrated the idea 
by saying that a vast number of observations without order or regularity 
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is not unlike a confused Heap of stones, Hme, beams, and rafters requisite 
for constructing an edifice, but wliicli being combined with no skill fail 
in producing the proposed efe 

The material framework of the wmrld appears in a m^Tiad different 
guises and Gombinations, hut the chemist can ivsoha^ omdi ('Oiubifiation 
futo a few definite elememtary forms of matter; similarly, a multitude 
of forces can be resolved into, comparatively a few primiti\’-o forms of 
energy. About ' 150 a.d,., the Egyptian astronomer Claudius Ptolemy 
measured the angles of incidence and refraction of a beam of ligfit passing 
from air into water, but more than fourteen liiindrcd years elapsed before 
W. Snell detected the law of refraction hidden in Ptolemy’s dabi. By 
tabulating his measurements of the volumes of air confined unde]’ ddfereiit 
pressures, Robert Boyle discovered the law known by his iia.me. Each 
of these laws summarizes in one simple rule Jiiyriads of possible 
measurements. 

Scientific knowledge is not necessarily more accurate tlian c-mpirlcal 
knowledge. Empirical unco-ordinated facts are no less true, definite, 
and real than scientific facts, for all facts are equally true per se, A 
collection of empirical facts always requires some theory to serve as frame- 
work in order that the facts may be arranged, grouped, and pigeon-holed. 
If a group of facts — scientific facts — has been organized on an erroneous 
system, the facts are no less true though tlie system be false. Chemistr^r 
presents a curious mixture of empirical facts with isolated fragments of 
scientific knowledge. • 

§ 4. The Generalization of Observations. 

Facts are the body of science, and the idea of those facts is its spint.-“- 
S. Bbown. 

It is the intuition of unity amid diversity which impels the mind to form 
science. — F. S. HofpMxYN. 

The correlation of empirical facts requires qualities of the mind different 
from those emplo^^ed in observation and experiment. Both qualities are 
not always located in the same individual. Some excel in tlie one, not in 
the other. J. Priestley, C. W. Scheele, and H. Davy, for instance, were 
admirable observers, but they were not brilliant in the work of correlation : 
J, Dalton, and A. L. Lavoisier were not particularly distinguished 
as experimenters, but they excelled in correlating observetf data. 
W. Hamilton did not rate the fact-collecting faculty very highly. He said 
that in physical science the discovery of new facts is open to every block- 
head with patience, manual dexterity, and acute senses ; it is less effectively 
promoted by genius than by co-operation, and more frequently tln^ result 
of accident than of design.” J. Priestley recognized his own limitations 
when he said : “ I have a tolerably good habit of circumspection with 
respect to facts, but as to conclusions from them, I am not. apt t() bt‘ very 
confident,” Skill in the, critical analysis of observational data, and in 
collating, sifting, and olanfying, records, is n6| a suifieient recommendation 
to the adytum — ^the m/nt^urd mmtiBsimum — of science. There is still 
a higher type of work for h#; a ;few seekers after k nowkjdge. It is 
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It is the sprite imagination wMeh usually reveals the deeper meaning 
of facts which have been diligently garnered and Mborioiisly sifted. 
It cannot be doubted that science in its higher work requires a supple 
and well- developed imagination w^hich T. Gomperz says is the instrument 
of genius, no less for scientific cliseovery than for aitistic creation. The 
secret charm of scientific discovery is not in the facts per se, but rather 
in the extrication of natural relations among the facts one nitii another. 
Particular groups of facts must be unified or generalized into a system — 
the so-eailed law. Science begins with facts and ends with laws. Law 
is tlie essence of facts. As pointed out elsewhere, Kowbon’s celebrated 
law epitojnizes in one simple statement how bodies Lave always been 
obsciu'-ed to fall in the x>ast. Immortal Newton did not discover the cause 
or the why of the falling of the apple, but he did show that it was due to 
the operation of the same forces which hold the earth, the jdanets, and their 
satellites in their appropriate orbits. Newton’s simple and comprehensive 
law epitomizes in one single principle the many and varied phenomena 
associated with failing bodies, planetary motions, etc., and generally, 
the scientific generalization explains the operations of nature by showing 
the elements of sameness in what at first sight appears to be a confused 
jumble of phenomena. Generalization is the golden thread wliich binds 
many facts into one simple description. That peculiar type of genius, 
tliat rare quality of mind required for the work of generalization, is found 
only in a Newton or a Darwin. Plato said that if ever he found a man 
who could detG«3t the ons in many he would follow him as a god. Unifi- 
cation is the supreme goal of modern science, or, as Heraoieitus {c. 450 b.cj.) 
proclaimed, the highest goal of knowledge is the one law regulating all 
events. At best, man has to apply a very weak intellect to a very com- 
plicated world ; and the resources of the human intellect are too narrow, 
and the universe is too complex to leave any hope that it will ever be 
within man’s power to carry scientific perfection to Tennyson’s last 
degree of simplicity : 

. . . one law, one element. 


§ 5, The Aim of Science in General, and of Chemistry in Particular. 

Let us remember, please, that the search for the constitution of the world 
is one of the greatest and xioblest problems presented by nature, — 
G. Galilei, 

The ordei-ed beauty of the world of nature suggests an infinite in telligonce 
witli powers of action such as no man possesses. — B enjamin Mooriq, 

iScienco embraces the sum-total of human knowledge, and it ranges 
over the whole realm of nature. Science is not a mass of emjjirical know- 
ledge gained by observation and experiment, but it is an organized body 
of facts whicli have been co-ordinated and generalized into a system. 
Science tacitly assumes that nature. is a harmonious unity, and that 
rational order pervades the igiiverse. Science seeks a complete knowledge 
of the multitude of inter-related parts of the imiverse which act and react 
on one another producing endless variety. In fine, science aims at 
omniscience. The target, however, appears to recede with increasing 
knowledge. As man gi'ows in wisdom and 'knowledge, he begins dimly 
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to realize that the unknown multiplies into boundless proportions, and 
science might well confess wdth Tennyson : 

So rims my dream. But what arn I ? 

An infant ciying ill the 
An infant ciying for the light j 
And with no language but a cry. 

The sciences are too complex and too vast to Be comprehended by one 
man’s mind. 

One science only will one genius fit, 

So vast is art, so narrow human wit.— Pope. 

Our feeble wit has rendered it necessary to rear a tree of seientilic know- 
ledge with many branches : astronomy, physics, chemistry, raineralog}^ 
geology, biology, sociology, etc. “ The divisions of the sciences,” said 
Francis Bacon,"‘‘ are like the branches of a tree tlrnt join in one trunk,” 
and therefore they are more or less closely related with one another. 
The astronomer, the physicist, the chemist, each usually keeps to his own 
particular branch. This separation of the sciences is mere convention. 
Even in the middle of the 13th century Roger Bacon bslw that there 
are no real lines of demarcation betiveen the different sciences, for he 
pointed out that 't all the sciences are connected ; they lend each other 
material aid as i^arts of one great whole. Each does its own work, not for 
itself alone, but for the other parts, ... No part can attain its proper 
result separately ; since all are parts of one and the same complete 
wisdom.” 

The science of chemistry is man’s attempt to classify his knowledge 
of all the different kinds of matter in the universe ; of the ultimate 
constitution of matter ; and of the phenomena which occur when 
the different kinds of matter react one with another. The science of 
chemistry is itself so vast, that many branchlets are necessary for useful 
work, and thus we have : inorganic chemistry, organic chemistry, physical 
chemistry, mineralogical chemistry, bio-chemistry, agricultural chemistry, 
pharmaceutical chemistry, etc. The chemist also frequently aims at apply- 
ing his knowledge to useful purposes in the arts and industries; and thus 
arises a'jyplied, industrial, or technical chemistry. 

About the middle of the 13th century, Roger Bacon distinguished 
between knowledge sought for the sake of truth, and knowledge utilized 
in the practice of the various arts ; or, as I. R. Averroes expressed it a; 
century earlier : In pure science, we learn so that we may know ; and in 
applied science, w^e learn so that we may apply our Imowiedge to useful 
purposes. The distinction, however, was recognized in the 4th century 
B.c,, for it was expHeitly expounded by Aristotle, and by Plato. The 
purpose of pure science is to observe phenomena and to trace their law-s ; 
the purpose of art is to produce, modify, or destroy. Strictly speaking 
there is no such thing as applied science, for, the moinent the attem])t 
is made to apply, science passes into the realm of art. It lias !)een w'ell 
said that “ science is indebted to art for themieans of experimenting, but 
she instructs art concerning the properties and laws of the materials upon 
which the latter operates.” , In an essay on The usefv.lness of experimental 
philosophy, Robert Boyle emphasized the mutual benefits vtdilch \rould 
obtain when science, or, as he called it, w^hen natural philosophy Is applied 
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to tlie various arts and crafts ; and he claimed that it is prejudice, no less 
pernicious than general, wliicli has kept science so long a . stranger in the 
industries. Boyle’s ideas have been stiH further emphasized by Lord 
Kelvin, who said : 

TJjcrp cannot be a greater mistake than looking superciliously upon practical 
applications of science. The life and soul of science is its practh3al application, 
and Just as tlie great advances in mathematics have been made through tiio 
desire of discovei'ing the solutions of problems which were of a highly practical 
kind in mathematical science, so in physical science many of the greatest advances 
that hn,ve l^een made from the beginning of the world to the present time have 
been in the earnest desire to turn the knowledge of the properties of matter^ to 
some purpose useful to raankiJid. 

The so-called applications of science to the industrial arts — applied 
chemistry — may be (i) An attempt to extend the methods of scientific 
investigation to the industrial arts ; or (ii) To adapt known operations and 
laws to useful purposes. When the chemist is occupied in the systematic 
o])seiu'ation of phenomena, and in tracing their laws, he is engaged in 
scientific investigation, no matter if the w^ork be conducted in academy, 
in counting Louse, or in factory. 

§ 6. Experiment. 

Experiment is the interpreter of nature. Experiments never deceive. It 
is our judgment which sometimes deceives itself because it expects results 
which experimetit refuses. We must consult experiment, varying the 
circurnsta^iees, until we have deduced general rules, for experiment alone 
can furnish reliable rules. — L uonabdo da VtNCi. 

ISTature speaks to us in a peculiar language, the language of phenomena. 
She answers all the questions w’e ask her, and these questions are our 
experiments. — J. von Liebig. 

Chemistry is largely an experimental science. Experiment is really 
a method of observation, 'which is employed when the facts are so masked 
b,y other conditions that the}^ cannot be accurately observed unless the 
obscuring conditions are suppressed. The chemist would not make much 
progress if it vverc only possible to observe phenomena just as they occur 
in nature, and not ]Dossible to make observations under determinate 
conditions. By experiment, it is possible to make combinations of different 
foj'ces, and difierent forms of matter which are not known to occur in 
I nature ; to eliminate complex disturbing conditions ; and to observe 
f phenomena under simplified conditions. An experiment has been well 
1 <:ieiined as nne obsermtion provoquh. Experiment is useful only when 
* there are conditions which obscure direct observations. The most success- 
ful experiment does no more than make a fact which was previously 
obscure as patent as one that was open to direct observation from the first. 
Chemical phenomena, per se, are usually too complex for our muids to 
gra])ple, and the}^ inust be simplified by simple experiments. Conse- 
quently, chemistry is an experimental science because its facts can rarely 
be observed in any other way. If data could be obtained by direct 
■, observation, there -would be no need for experiment. 

J It requires much acumcH to determine the;, precise conditions under 

' which, an experiment shall give a sueoessM , result. Every experiment 

: has the character of a specific question. The - skilled questioner— the 

experimenter — knows what he is asldng, and; he tries his best to interpret 
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nature's reply, be it aifirmative, negative, or evasive. 11‘ tlie itiiswer be 
negative or evasive, the question has not been properly asketl, and it .must 
be plied again and again until 


A sharpliooked question baited with sucii skill 
It needs must catch the answer. 


Paradoxicalty enough, the investigator can usually say with '' Dr, 
Moreau”: “I asked a question, devised some method of getting an 
answer, and got — a fresh question.” fSome such ideas were in Robert 
Hooke’s mind when he said : The footsteps of nature are to be traced, not 
only in her ordinary course, but when she seems to be put to her shifts, 
to make doublings, and turnings, and to use some kind of art in endeavour- 
ing to avoid our discovery.” 

The more intricate the experiment, the greater the probability of an 
obscure and ambiguous result. As A. L. Lavoisier has pointed out, it 
is a necessary principle in experimental work to eliminate e^X‘ry com- 
plication, and to make experiments as simple as possible.” The quality 
of an experiment, not the quantity, is best adapted to throw light upon a 
phenomenon. Experiments carelessly performed may be sources of 
error and obscurity. Many of the results obtained by the aieliemists 
in the Middle Ages show how ineffective or abortive are the results of 
experiments in incompetent hands — here, the experiments wandered into 
eccentric by-paths, and furnished preposterous conclusions. Experiment 
is an art, said G, A. Lewes, and demands an artist. 

Joseph Priestley believed in juaking a large numbm* of haphazard 
experiments, and said that he discovered oxygen by trying the effect of 
lieat on many substances, apparently selected at random by John Waiitire 
of Birmingham. Thomas A. Edison, also, appears to have discovered the 
phosphorescence of calcium tungstate when exposed to Rontgen’s rays 
by deliberately trying the effects of these rays on a large collection of 
differeirt substances. This old prosaic method of experimenting by trying 
everything is necessary in some oases, and, though usually dubbed empirical 
or rule-of-thumb, the process is fundamentally scientific, but it is not 
generally economical in time and labour. Discoveries are then due, as 
J. Priestley once argued, more to “ chance than to any proper design or 
preconceived theory.” More frequently, the track of the experimenter 
is blazed by means of working hypotheses. 


7. Hypothesis, Theory, and Law, 


Hypotheses are cradle songs by which the ^aeher lulls his pupils to sleep.- 
J. W. Goethe. 


Wo are gifted with the, power of imagination, and by this power wo can 
enlighten the dai'kness Which surrounds the world of souses. BoundcMl 
and conditioned by co -operant reason, imagination becomes the mightiest 
instrument of the physical discoverer, — J. Tyndall. 

Tlic nearer to the practical men keep, the mightier their power, T‘.he theorist 
wdio dreams a rainbow dream, and calls' his hypothesis true science, at 
best is but a paper financier who palms his specious promises for gold. - 
T. L. Ha'r-ris. ‘ 


It is a popular belief that the .aim of science is to explain things ; as 
^ matter of fact, the so-called explanations of science do not usually get 
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imch beyond describing the observed facts in the simplest possible terms 
so as to make their relations with one another clear and intelligible. The 
description may emphasize the history of a phenomenon, or the conditions 
under which the phenomenon occurs : In other words, science may explain 
a phenomenon by describing how one event is determined by an antecedent 
actioii—sometimes called a cause ; and how one particular set of conditions 
—the cause— can give rise to another set of conditions— -the effect. Science 
explains a phenomenon (the effect) by showing that it is a necessary or 
rather a probable consequence of another phenomenon (the cause). 

Classical scholars tell us that Aristotle has forty-eight, and Plato sixty- 
four meanings for the word “ cause,’’ The later metaphysicians have also 
played a game of shuttle-cock with the term. The word ‘‘ cause ” is usually 
applied to an event, action, or process which “ produces ” an effect ; or, 
with B. Shute, cause may be regarded as that which the mind selects as 
a sign of the coming of that other phenomenon which it calls the effect ; 
or conversely, an effect is regarded as something which the mind selects 
as a sign of the past existence of a cause. There can, therefore, be no 
cause without an effect, and no effect without a cause. The one pre- 
supposes and completes the other. Hence, as P. Cams has observed, the 
law of causation describes a transformation in which form alone is changed ; 
and consequently, the law of causation is nothing more nor less than 
another aspect of the famous law of the conservation of matter and energy. 
The search for the cause of an event is a search for the determining factors 
which would produce that event. When the cause of an event has been 
discovered, the event is said to be explained by the cause. 

There are certain circumstances or conditions which may exercise, 
directly or indirectly, a determinative influence on the effect produced 
b}" the activity of a cause ; and very often certain conditions must obtain 
before an event can occur, thus the temperature of hydrogen must be 
raised above its ignition point before combustion can ensue. The effect 
obtained by burning hydrogen is more vigorous if the flame be in oxygen 
gas than if it be in air. Hence, an atmosphere of oxygen gas is a favourable 
condition for the combustion of hydrogen ; a reduced pressure is a retard- 
ing condition because it hinders the speed of combustion and reduces the 
vigour of the flame. The term “ cause ” is frequently employed when 
reaso7i is intended. Gravitation is said to be the cause of the falling of a 
vase from the mantelpiece, whereas the cause of the fall may have really 
been a push from the elbow. In the former case, the reason why the vase 
fell downwards is the very same reason why all masses gravitate, and* a 
push was the real cause of the catastrophe. Here the reason of the fall is 
referred to an inherent quality of bodies, just as the reason why bodies 
react chemically is explained by investing matter with an inherent quality 
or vis occulta — chemical afiinity.. If these distinctions be borne in mind, 
there is no need for confusing cause, reason, and condition, even if one 
, term be used for all three concepts. 

The law of continuity — emphasized by G. W. von Leibniz (1687) — 
assumes that no interruption between cause and event is possible, and 
that there is a connected chain in the order of natural phenomena so that 
. when several of the links are known, the intermediate links can be inferred. 
Consequently, men of science assume that, each phenomenon is an effect 
cf a previous event, and is itself the cause of a succeeding effect, and that 
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under like conditions, the same causes i^roduce the same effects. Apart 
altogether from the question whether or not nature can do precisely the 
same thing again under precisely similar circumstances as she has done 
before, the principle of continuity or uniformity assumes that any 
phenomenon wHl be repeated if all the preceding phenomena bo precisely 
repeated ; otherfvuse expressed : the same antecedents are invariably 
accompanied by the same consequents. Hence, it has been said tliat 
science does not now seek for the reason or the why of ei^ents, but rather 
for invariable relations between phenomena. The law of causation is 
taken to describe a sequence of changes starting with the cause and ending 
with the eSect. G. Kirchhoff introduced the term description as a synon yin 
for cause at the very beginning of his Lectures on Physics, where lie said ; 
“ The object of mechanics is to give a complete description in the simplest 
possible manner of such motions as occur in nature.” 

Although every effect may be traced to a previous event as its cause, 
in the physical world, phenomena follow one another as linits in an unbroken 
chain of cause and effect. It is soon recognized that the cause of a 
phenomenon is an effect which itseK needs explaining by some ulterior 
cause, so that causes can be traced backwards in a never-ending chain 
of events. Owing to the limited range of man’s understanding in a world 
of infinite complexity, we are far, very far, from comprehending the true 
conditions, the true causes, or the true reasons for natural phenomena. 

The mind cannot receive a long series of details without encircling and 
connecting them by a common bond which is a kind of mental 'nexus ; 
similarly, in the attempt to find the causes of many phenomena, man is 
compelled to build an imaginaiy model showing how a given set of con- 
ditions — ^the hypothesis or theory— is ahvays followed by particular 
effects. A phenomenon is then explained by showing that it is bound to 
occur by the operation of the set of conditions postulated by the hypothesis. 
Consequently, hypotheses are essentially guesses at truth. The rational 
observer does not trust to random guesses, but he is guided by a more or 
less vague intuitive conjecture (hypothesis) as to the meaning of the pheno- 
mena under investigation, and experiments are devised accordingly, for 

Man’s work must ever end in failure, 

IJnlesa it bear the stamp of mind. 

The head must plan with care and thought, 

Before the hand can execute. — SonmnEB, 

The Spanish philosopher J. L. Balm6s emphasized this same idea when he 
said : 

Although _ one accepts as a real truth the most uncontested and the most 
certain fact, it I’emains sterile if ideal truths do not fecundate it, . . . To acquire 
scientific value, the facts, being submitted to reflection, must be impregnated by 
the mind with the light it lends to necessaiy 'truths, 

Hypotheses precede observation and prompt experiments, for they 
indicate the conditions under which the search for new facts is Mkely to 
be successful. Hence, when Leonardo d^^ Vinci (c, 11500) said that 
‘‘ hypothesis is the general, and experiments are the soldiers,” Ire pro- 
bably meant that hypotheses direct or indicate what experiments should 
be made. Accordingly, hypotheses are indispensable aids in the sys- 
tematic quest after the secret .meaning in nature^s deeds*. Those who 
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refuse to go , beyond 'fact, said T. H., Huxley, rarely get as far: as' fact. It 
is difficult to believe that so astute an investigator as Joseph Priestley 
really overlooked this mode of investigation, as might be supposed from 
some preceding, remarks — ^nor did he. On the contrary, - lie said 

It is by no means necessary to have Just views, and a time hypothesis, a ‘priori^ 
in order to make real discoveries. Very lame and imperfect theories are sufficient 
to suggest useful experiments wiiich ser^^'e to connect those theories, and give birth 
to otliers more perfect. These then occasion further experiments, which bring 
us still nearer to the truth, and in this method of approximation, we must be 
content to proceed, and we ought to think ourselves happy if, in this slow method, 
we make,- any real progress. 

The many gaps in our knowledge are temporarily bridged by the 
assumptions called hypotheses. Hypotheses thus help to render intel- 
ligible the interrelations between different facts, and they are employed 
by men of science to extend and deepen their experience by predicting ^ 
and disclosing new facts ; to correct and purify their knowledge of natural 
phenomena by eliminating errors and contraffictions ; and to systematize 
their description of facts so as to obtain the greatest control over them 
with the least possible effort. 

The verification of hypotheses. — ^An hypothesis may seem to be the 
logical consequence of known facts, or it may be a random flash of the 
imagination. However probable an hypothesis might appear, both the 
hypothesis and the logical consequences of the hypothesis must be 
tested by comparison with facts. Aristotle (c. 320 B.c.) certainly recog- 
nized the need for basing reasoning on observed facts, but, as G. H. Lewes 
has emphasized, Aristotle did not realize the very vital importance of 
verifying his logic by comparing its conclusions with facts, nor did he 
recognize that the true purpose of experiment is to verify the accm’acy 
of data and of theoretical conclusions. We are indebted to Roger 
Bacon (c. 1280), perhaps more than to any other, for first insisting on 
verification as the essential pre-requisite for every trustworthy conclusion. 
He said : 

Experimental science is the mistress of speculative science. She tests and 
verifies the conclusions of other sciences* ... In reasoning we commonly dis- 
tinguish a sophism from .a demonstration by verifying the conclusion through 
experiment. 

Experiments have a way of giving results which differ from those wMch 
rigorous logic concluded must occur ; and when the prediction fails, it 
is necessary to find what has been overlooked. This does not mean that 
constant verification is needed to establish the validity of the process 
of reasoning, for that may be irreproachable and yet the conclusion may 
be false because the facts or premises upon which the reasoning was 
founded may have been interpreted to mean something very different 
from what actually obtains in nature, or because some unrecognized or 
undiscovered factor was involved. It is not wise to dogmatize when direct 
trial is possible : Do not think,” said J. Hunter ; “ try.” 

It has been aptly said •that the remarkable discoveries of modern 
science have been made by invariably sifting the truth through a fine 
mesh of logical experiment. One of 0* Darwin’s favourite methods of 
apptying this method was to reason : ‘‘If my hypothesis be true, then 
certain consequences must also be true. ; ' Now let us find if they are true ” ; 
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and H. St, G. Deville used to say that there is no need to argue if an 
experiment can be made. In fine, it is necessary to submit ail conjectures 
to the incorruptible test of fact in order to avoid being seduced by 
immaterial creations of the imagination. Eaith without facts avaiieth 
nothing. The ad test must be made with unremitting 

diligence, rigorously and impartially, without conscious bias. Trial by a 
combat of wits in disputations has no attraction for the seeker after truth ; 
to him, the appeal to experiment is the last and only test of the merit of 
an opinion, conjecture, or hypothesis. 

If one hypothesis does not fit the facts, it is discarded, and a modifi- 
cation of the old, or totally new hypothesis is tried. Thus, J. Kepler, in 
his De moiihus stellce rnaHis (1608), is said to have made nineteen hypotheses 
respecting the form of planetary orbits, and to have rejected them one 
by one until he arrived at that which assumed their orbits to be 
elliptical. To try wrong guesses,” said W. Wheweli, “ is apparently 
the only way to -hit the right ones.” This method of trial and 
failure is continued until the golden guess crowns the investigation ; but 
one single real conflict between fact and hypothesis will destroy the most 
plausible hypothesis. Of fifty hypotheses, only one may prove fruitful ; 
the unsatisfactory ones are w’eeded .out, until that particular one remains 
which has established its right to live hy proving itseK useful or by satisfy- 
ing some need., Quoting M. Faraday : 

The world little knows how many of the thoughts and theories which have 
passed through the mind of a scientific investigator have been crushed in silence 
and secrecy by his own severe criticism and adverse examination ; that in the 
most successful instances not a tenth of the suggestions, the hopes, the wishes, and 
the preliminary conclusions have been realized. 

This quotation may give a wrong impression, for Michael Faraday dis- 
played consummate skill, not only in framing hypotheses per se, but in 
deducing hypotheses that were worth testing. Without hypotheses, the 
experimental method may degenerate into empiricism ; without experi- 
ments, hypotheses may degenerate into speculation. 

The promulgation of immature or premature hypotheses without a 
substantial basis of fact is discouraged by most scientific societies. The 
celebrated nebular hypothesis was ushered in by P. S. de Laplace (1796) 
with those misgivings and doubts which must of necessity becripple ail 
h3rpotheses "which are not based upon observation or calculation. An 
hypothesis may be invaluable when it can be verified or refuted by a definite 
appeal to observation. If this check be not possible, the imagination riots 
in the wildest speculations. If the evidence of an alleged phenomenon 
cannot be tested by verification, it is outside the range of science. 
A. W. Hofmann is reported to have said that he would readily listen to 
any suggested hypothesis, but on one condition — ^that he be also shown a 
method by which it might be tested. Accordingly, scientific inquiry is 
limited to such objects and phenomena as admit of direct or indirect 
observational or experimental verification. On the other hand, science 
cannot enter into the dark territory beyond'^the scope of man's faculties, 
and w^here verification, direct or indirect, is not possible. A vivid imagina- 
tion can people this region with phantasms and be deluded with the 
hallucination that these creatures of the imagination are real, sub- 
stantial, objective facts. It is how generally recognized that imagination^ 
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oncontrolied facts, has produced many palsying superstitions which 
have blinded and cursed the human race in past times. 

Rival hypotheses. — Two or more contradictory hypotheses may be 
consistent with the facts ; both cannot be right. There is then need for 
rm experimenkim cr mis f Bixx experiment which will decide in favour of the 
one and exclude the other. An hypothesis is supposed to be established 
when it, and it alone, is in harmony with knpwn facts. The hypothesis 
then ranks as a theory or law. In the majority of cases, the so-called laws 
of nature can be regarded as prophecies which, because they have always 
been fulfilled in the past, axe expected to be also fulfiEed in innumerable 
cases in the future. Laws, theories, and hypotheses are all on probation. 
However successful a theory or law may have been in the past, directiy 
it fails to interpret new discoveries its work is finished, and it must be 
discarded or modified. However plausible the hypothesis, it must be 
ever ready for sacrifice on the altar of observation. On account of the 
unproved assumption embodied in ah hypotheses, they are of necessity, 
transient, fleeting, and less stable than theories; and theories, in turn, 
are less stable than laws. A theory believed to-day may be abandoned 
to-morrow. New facts need new laws. An hypothesis is invalid when 
it fails to unite and co-ordinate facts. All our hypotheses and theories 
are to be superscribed subject to revision,” for they are continually 
changing. “ Science in making is a battlefield of competing theories,” 
the path of progress is strewn with dying and dead hypotheses. For 
example, W. Ostwald (1893) claims that the theory of chemical combina- 
tion is a strange and contradictory conglomerate of the fossil constituents 
of earlier hypotheses. Science is not a state, but is rather a stage of pro- 
gress. Even Isaac Newton’s law of gravitation is included in this category ; 
and the astronomer R. S. Ball could say : 

When the law of gravitation is spoken of as being universal, we are using 
language infinitely more general than the facts warrant. At the present moment 
we know only that gravitation exists to a very small extent in a certain indefinitely 
small portion of space. 

Ever since T. Bergman’s time (1779), science has been compared with 
a building in the course of erection, and scientific hypotheses have been 
compared with the scaffolds and ladders required by the builder in order 
to place the stones of experience where they belong. The scaffolding must 
be rejected when it hinders further developments, and when the purpose 
for which it was erected has been fulfilled. Accordingly, an hypothesis 
is not the end, but rather the means of attaining that end. To thinlc 
otherwise would be to suppose that the builder erects a mansion for the 
sake of shovdng off the ladders and scaffolds used in its construction. 
The imperfect notions and hypotheses of men of science must not be 
mistaken for descriptions of observed facts. In the chemica docens of our 
schools, the term science usually includes both the growing building and 
the auxiliary scaffolding; otheiwise expressed, the term includes the 
immutable facts, the epheispLcral h 3 ^otheses, the transient theories, and 
the more or less incomplete generahzations from observations. The facts 
alone are eei^tain to endure throughout ail time. When S. Brown (1849) 
inquired : Is it necessary to the nature of a science that it be aU. true, and 
that it contains no admixture of error ? ; and answered : By no means I 


18 MODERN INOEGANIO CHEMISTEY 

Otherwise ohemistiy was no science during the reign of phlogiston, and 
the Lavoisierian chemistry no science so long as oxygen was taken for the 
principle of acidity, he included in the term science those transient theories 
which are necessarily emplo3^ed in the erection of the temple of truth, ^ 

Deductive and inductive induction, — The term induction is applied 
by the logician to the (^uest of science for generalizations, that is, for the 
ccmones or tmiversales regulce of Koger Bacon, In deduction^ the attempt 
is made to widen the bounds of knowledge without stepping outside 
known facts — ^the Euclidean method is a good illustration ; in induction^ 
a leap is taken from the known into the inimitable bejmnd. Two important 
methods of induction udil be recognized — one may be called the deduc- 
tive method, the other the inductive method. The former was favoured 
b}^ Francis Bacon, the latter hy Isaac Newton. 

1, Baoon^s deductive method, by what he called the intefpTetahones 
fiatiirm. Here the facts are exhaustively classified until the generalization 
becomes clear, a is M or N, or 0, or P, or . . . ; but a is not N , nor 0, 
nor P, nor . . . ; and consequently, a is if. Thus, in the 105th aphorism 
of his Novum Orgamim, 1620, F. Bacon said: 

The induction which is to be available for discovery and demonstration . . . 
must analyse nature by proper rejections and exclusions ,* and then, after 
a sufficient number of negatives, come to a conclusion on the affirmative instances. 

The method appears to proceed from known facts to general conclusions, 
d particulari ad universale, it is based on facts already known, and has 
therefore been called d priori reasoning. The method by w^hioh Boyle’s 
and Charles’ laws were discovered might be cited in illustration of one 
form of the method of deductive induction. 

2. Newton's inductive method, by what F. Bacon called the wniicipa- 
tiones naturce. Here the attempt is made to infer the hidden generalization 
from the consequences of the assumption (hypothesis) what that generaliza- 
tion is. The process is sometimes called d posteriori reasoning. This 
method of investigation was extensively employed with glorious results 
by Isaac Nei^d;on, although it had been advocated by Aristotle over a 
thousand years earlier. Francis Bacon, indeed, before Newton’s time, 
protested against anticipating nature by hypotheses, but the greatest 
triumphs of modern science have been won by the application of the 
Newtonian method, while the Baconian method has been singular^ 
unfruitful. Francis Bacon’s failure in the practice of his own method 
%Tas complete. 

The particular form which the Newtonian method takes in science is 
to devise provisional generalizations caUed hypotheses or ‘working hy^mtlmes 
to explain facts and phenomena. The appeal is then made to observation 
and experiment in order to test the validity of the proposed generalization. 
Examples : The cause of the increase in the weight of metals calcined in 
air ; A. L. Lavoisier’s theory of combustion, and his experiments on the 
transformation of water into earth ; J. Ma^mw’s work on combustion ; 
etc. The application of this method of inquiry involves (a) The accumu- 
lation of facts by observation and experiment ; (5) The employment of 
the imagination in framing h^otheses to explain the facts ; and (c) The 
appeal to facts to prove or disprove the hypotheses. By this procedure, 
said W. WheweB, the hypothesis becomes the guide of its former teacher 
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--obseryationv There la cycle from facts to hypothesis, and 

from hypothesis to, facts. 

Induction, said Aristotle, does not prove. Newton’s phrase: Hyfo^ 
times non fingo---I do not frame hypotheses— is often quoted to show 
that he discountenanced the inductive method of scientific investigation. 
This is based upon a misunderstanding, for I. Newton here referred to 
hypotheses' not suggested by observation. On the contrary, I, Newton’s 
own procedure was to use hypotheses deduced from phenomena similar 
to the way science uses them to-day. Accordingly I. Newton asserted 
that no great discovery was ever made without a bold guess,” and his 
imtmiidl PMloso'pMm miumli^ wMhemuilm (London, 1687) 

is a wonderful record of discoveries made possible only by the exercise 
of the greatest freedom in the elaboration of hypotheses. Indeed, from 
the first of his communications to the Royal Society on light to the last 
revision of his Principia, Isaac Newton seems to have been steadily and 
persistently guessing. 

The method of investigation employed in scientific, positive, or modern 
chemistry thus involves four operations : (i) observation and experiment ; 
(ii) classification and comparison ; (iii) deduction, or speculation and 
hypothesis ; (iv) testing and verification. Francis Bacon did not grasp 
the prime importance of testing his induction by comparison with facts, 
A. de Morgan (1872) puts this rather cleverly: According to Francis 
Bacon, facts are used to make theories /rom, and according to Isaac 
Newton, to trj^ ready-made theories hy. Chemistry could progress as a 
science only when this method of investigation was discovered, so that as 
S. Brown stated in 1843, before discovering chemistry it was necessary 
to discover the art of discovering chemistry. 

§ 8. Key’s Experiments on the Calcination ot Metals in Air, 

Let all the greatest minds in the world be fused into one mind, and let this 
great mind strain every nerve beyond its power ; let it seek diligently on 
the earth and in the heavens ; let it search every nook and cranny of 
nature ; it will only find the cause of the increased weight of the calcined 
metal in the air. — Jean Rey (1630), 

As early as the 8th century, the Arabian chemist Yeber-Abou-Moussah- 
BJafer Al-Sofi, commonly called GeberA knew that when metallic lead is 
calcined in air, the resulting calx is heavier than the original metal. ^ 
Towards the end of the i5th century, Eck de Sulzbach recognized the 

^ This may be one of the many discoveries attributed to Geber (died 777) 
which appear to have wrongfully crept into the Latin translations of his 
writings iii the 12th century ; for instance, the discovery of sulphuric acid is 
generally attributed to Geber, although E. Lippmami (1901) has stated that 
sulphuric acid was not known to the Arabian writers prior to a.d. 975. There 
are conflicting views about the translations of Geber ’s works, and each one has 
been advocated with the keenness of a political debate where facts are few^, and 
opinions many. One side argues that the 12th-century works are veritable 
translations of the originals ; the other side says that if so, the 12th-eentiiry 
work is related as much to Oeb#r’s as, say, the current edition of Gmelin’s Hand^ 
buck is related to the edition of 1817-19. No one’s opinion, perse, is worth much 
without evidence that he has the necessary linguistic equipment and opportunities. 

® The process of heating a metal in air so as to' convert it into a calx, is called 
calcination. The calces are generally equivalent: to what the modern chemist calls 
‘'metallic oxides.’^ 
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increase in weight which occiirs when silver-amalgam is heated in air, and 
he attributed it to the union of a spirit (gas) with the metal No notice 
was taken of this discovery. The increase in weight seems to have siirprised 
and puzzled the chemists in the succeeding centuries. The result was, 
later on, said to be due to “ the absorption of the vapours of charcoal,” 
or, as R. Boyle (1683) expressed it, to “ the arresting of igneous corpuscles ” 
which passed through the walls of the vessel in which the metal was cal- 
cined, or to “ the removal of matter from the calcining vessel.” These 
hypotheses, more or less modified, were in vogue for nearly a century. 
Jean Key (1630) appears to have been the first to test the hypotheses by 
an appeal to experiment. 

l’ The facts.— In order to clarify the mind, let us review the facts. 
It wnuld be futile to look for the causes of phenomena before there is agree- 
ment as to the facts. Four things are present during the calGination of 
the metal in air : (1) the containing vessel or crucible ; (2) the metal 
being calcined; (3) the air; and (4) the source of heat. Again the 
metal and the containing vessel weigh more after the calcination than they 
did before. 

2. The hypotheses. — In applying the inductive method of investiga- 
tion to these facts, it is necessary to review every rational explanation con- 
sistent with the facts, and to examine each hypothesis impartially, since, as 
emphasized above, it is necessary to show that the explanation finally 
selected is alone consistent with the. facts. This extension of the inductive 
process might be called the method of exhaustion. It is a mistake to 
confine the attention to one hypothesis, because that might seriously 
limit the range of the inquiry. The mind unconsciously assimilates 
evidence in favour of a pet hypothesis ; and a pet hypothesis is apt to 
grow from a favoured child to a tyrannical master. Four plausible 
hypotheses may be suggested to explain the cause of the increase in 
weight : (1) the gases, etc., from the source of heat unite with the con- 
taining vessel ; (2) the air unites with the containing vessel ; (3) the gases 
from the flame penetrate the crucible, and unite with the metal ; and 
(4) the air unites mth the metal. ^ 

3. Testing the hypotheses by experiment. — By heating the crucible 
alone, without the metal, no change in weight occurs. This “ blank,” 
“ dummy,” or “ control ” experiment shows that neither the fii'st nor the 
second hypothesis will account for the increase in weight of the metal 

^ The phlogiston theory — that on calcination metals lose a hypothetical sub- 
stance called phlogiaion — is discussed later. According to G, E. Stahl (1723), the 
fact that metals, when transformed into their calces, increase in weight does not 
disprove the phlogiston theory, but, on the contrary, confirms it, because phlogiston 
is lighter than air, and, in combining with substances, strives to lift them, and so 
decreases their weight ; consequently, a substance which has lost phlogiston must 
be heavier.” It may not seem rational to postulate the existence of a substance 
weighing less than nothing. It will be observed, however, that the assertion : 
all matter is heavy and possesses weight, is only oneway of saying that “ the attrac- 
tion of gravitation exists between all masses of matter.” This is by no means 
a self-evident principle, because it is just as easy to conceive of two masses of 
matter repelling one another, mid easier still to conceive of two masses of matter 
neitlier attracting nor repelling , one. another. Hence, the assumption of a 
phlogiston weighing less than nothing is not so silly as is sometimes supposed. 
It is quite true that such forms of matter have never been detected, and, accord- 
assume that they do not exist. Hence also arises the definition of 
matter indicated in a later chapter. 
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The third hypothesis can be tested by heating the crucible and the metal 
out of contact with the air. There is then no change in the weight of the 
metal. The third hypothesis is therefore untenable. This method was 
not practicable for the early chemists, and hence Rey employed a less 
decisive test. It might be expected that if the results depend upon the 
absorption of the flame gases, diflerent results must be obtained by using 
different sources of heat — sim-glass, etc.— but the same results are 
obtained in every case, and accordingly the third hypothesis is probably 
wrong. . , , , 

4. The conclusion.—Apparently the only constant factor is air. TM: 
sole invariable antecedent of a phenomenon i$ probably its came. Hence, 
unless something has been overlooked, we conclude that when metals are 
heated in air, the increase in weight is due to the fixation of air by 
the metal, and not to the absorption of furnace gases, nor to variations 
in the weight of the vessel in which the calcination is made. 

Rey also made the interesting unforeseen observation that “ iiature, 
in her inscrutable wisdom, has set Mmits which she does not overstep ” ; 
in other words, however long a metal may be heated in air, a definite toeigbt 
oj each metal can combine with only a definite maximum aynount of air. 
Students to-day regularly repeat Rev’s experiments on the metals — under 
various guises — as class exercises. The following table is taken from 
students’ laboratory notebooks :— 


Table !. — Actiok of Air on the Calcination or the Metals. 


Metal. 

Weight of 
metal. 
Gram. 

Weight of 
calx. 
Gram. 

Increase in 
weight. 
Gram. 

Ratio. Weight 
air absorbed : 
Metal used. 

Magnesium .... 

I'' ■" 

1*658 

0*658 

: I/: ■1*5:2;''.'; 

Zinc 


1*246 

0*246 

1 " V'"I';'.'4*0:6,.: 

Aluminium .... 

1', 

T890 

0*890 

i 1:1*12 

Copper 

1 

J-252 

. ^■0*262 ; ■ :! 

; i : 3*97 

Tin 

■ 'I 

1*269 

0*269 

1 1 : 3*72 


Hence, one gram of the absorbed air is respectively equivalent to 
(Absorbed air). Magnesium. Zinc. Aluiniiiiuni. Copper. Tin. 

1 1*52 4*06 1T2 3-97 3*72 grms. 

5. Anticipation of new phenomena. — good hypothesis ought t(3 
predict phenomena "which have not been observed, and to foretell the 
results of new experiments ; because, if the hypothesis be true, it ought 
to include all other cases. A hypothesis which is not illogical and which 
does not contradict known facts is to be judged by its usefulness. The 
end Justifies the means. ^ When the consequences of a hypothesis are 
logically deduced, a good hypothesis should not only explain, but it 
should also anticipate facts, Rey’s hypothesis can be used to predict 
new results. In 1770, A. L. Lavoisier wrote 

Thus did I at the beginning reason with myself, r . . If the increase in 
weight of a metal calx {calcined in, a closed vessel) be not due to the addition of 

^ G. J. Stoney expressed the idea neatly,: ‘V A theory is a supposition we 
hope to be true ; a hypothesis is a supposition which, we expect to be useful, 
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fire matter, nor of any other extraneous matter, but to the fixation of a portion of 
the air contained in the vessel, the whole vessel, after calcination, must ue uo 
heavier than before, and must merely be partly void of air, and the increase in tlie 
weight of the vessel will not occur until after the air required has entered. 

Lavoisier confirmed this inference experimentally on November 12, 
1774; although the gifted Russian chemist, M. W. Lomonossoii, had 
come to the same conclusion 1756, eighteen years before Lavoisier. 

§ 9. Lavoisier’s Experiments on the Composition of Air. 

Nature is ever making signs to us, she is ever whispering to us the beginnings 
of her secrets ; the scientific man must be ever on the watch, ready at once 
to lay hold of nature’s hint, however small ; to listen to her whisper, how- 
ever 'low.— M. Foster. 

Antoine Laurent Lavoisier (1774) extended Re/s experiments with 
more decisive results. Lavoisier heated tin along with air in a dosed 

vessel. The vessel containing the air and tin 
did not increase in weight, although part of 
the air was absorbed. When the flask was 
opened, air rushed in, and the increase in 
the weight of the vessel was found to be 
equal to the increase in weight which the 
tin alone had suffered. Hence, Lavoisier 
concluded, with Rey, that the increase in 
the weight of the tin was due solely to an 
absorption of the air in which the calcination 
had occurred. There was not sufficient air 
in the flask to “ saturate ” all the tin, and 
yet some air always remained as a residue. 
Hence, Lavoisier concluded further that only 
part of the air can combine with the metal 
' during the calcination ; he also found that 
the hicrease in dhe of Me tin 

calcination is equal to the decrease in Me 
tveight of the air. Hence, it seems as if air 
contains at least two constituents, only one 
- .'Of . which-is absorbed;.. by, .'.the heated-.'. metal. . 
This inference must be tested by experiment. 

Lavoisier continued this important work with mercury instead of tin. 
The mercury was confined in a retort mth an S-shaped neck which dipped 
under a bell- jar in a trough of mercury, as illustrated in Fig. 2, The air 
in the retort was in communication with the air in the beh-jar. The level 
of the mercury in the bell-jar was adjusted at a convenient level, and its 
position “very carefully marked with a strip of gummed paper.” By 
means of a charcoal furnace, the mercury in the retort was heated — ^not 
quite to its boiling point. Lavoisier said : “ Nothing of note occurred 
during the first day. The second day I saw little red particles ^ swimming 
over the surface of the mercury, and these in^eased in number and volume 
during four or five days ; they then stopped increasing and remained in 
the same condition. At the expiration of twelve days, seemg that the 

^ The calx or oxide of mereujy is red. It is now called “ red oxide of memiry,” 
or mercuric oxide.” , ' ■/ /. i’..- 



Bho . 2 . — Lavoisier ’sExperiment 
on the Composition of Air. 
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calcination of tlie mercury no further progress, I put the fire out.’’ 
After making allowance for variations of temperature and pressure, 
Lavoisier noticed that the volume of air in contact with the mercury was 
about 50 cubic “ inches,” and after the experiment^ between 42 and 43 
cubic “ inches,” About one-sixtli of the volume of air in the apparatus 
was absorbed by the mercury,^ The air which remained in the retort 
was not absorbed by the hot mercury ; it extinguished the flame of a 
burning candle immersed in the gas ; ^ and a mouse was quickly suffocated 
when placed in the gas. Hence, Lavoisier called the gas azote, “from 
the a privative of the Greeks, and life.” In France the gas is still 
“ azote,” though in Britain it is called “ nitrogen,” and in Germany 
:“;Stickstofi,” that is, “'suffocating stuff,” 

By collecting the red powder and reheating it in a suitable retort, 
Lavoisier obtained between 7 and 8 cubic “ inches ” of a gas which had 
obviously been previously removed from the air by the hot mercury. 
When a burning candle was immersed in the gas, the candle burnt with 
“ blinding brilliancy,” as Lavoisier expressed it ; a smouldering splinter 
of wood burst into flame when plunged in the gas ; and the gas did not 
suffocate a mouse like azote. Lavoisier first called this gas vital air, and 
afterwards oxygen. The latter term is its present-day designation. In 
this manner, Lavoisier proved that atmospheric air is made up of two 
gases— oxygen and nitrogen — of different and even opposite natures,^ 
the oxygen alone combines with the metal during calcination. 

Assuming that this interpretation of the experiments is correct, Lavoisier 
inferred that by mixing azote and oxygen in the right proportions, it 
ought to be possible to repi*oduce atmospheric air. This Lavoisier did, 
and the mixture was found to behave with respect to “combustion, 
respiration, and the calcination of metals similar in every respect to 
atmospheric air.” 

Joseph Black (1778) showed that atmospheric air contained a small 
quantity of what he called “ fixed air,” which was absorbed by lime-water. 
Black’s “ fixed air ” is now called “ carbon dioxide.” In 1777, Carl 
Wilhelm Scheele inferred that air also contains a little ammonia, because 
a bottle of hydrochloric acid, when exposed to the air, becomes covered 
with a deposit of sal-ammoniac (ammonium chloride). So far as Scheele 
could tell, the only source of the ammonia was the atmospheric air. 

Summary. — Summarizing in modern language these results ; 

1. Atmospheric air is largely made up of oxygen and nitrogen, roughly in the- 
proportion 1 : 4 by volume, 

^ More exact experiments show that one -fifth would be nearer the mark. 

2 The old chemists used the term air where we use gas in the sense of 
an aeriform elastic fluid. John Baptista van Helmont {Oriatrike, or Physick 
Pefined^ posthumous Eng. trans. London, 1662), introduced the word gas into 
chemistry in order to distinguish the vapour given off by water at ordinary tem- 
peratures from steam. He said the term “ gas is not far severed from the chaos 
of the auntients (ancients). Just as the “ chaos of the auntients ” was a con- 
fused mixture of elements from which the Greater produced the universe, so, to 
Van Helmont, the vapour of water was a confused mass of elements from which 
all material substances could be produced. It is ari easy transition from chaos 
to c’has, which has the sound of gas — G, F, Bodwell. Some derive the word gas 
from the geist (spirit) of the Germans. 

® It must be added that G. W., Scheie' {IT7;7) was about the first to state 
definitely that air must be made up of two kinds of elastic fluids ’’ (gases). 
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2. Atmospheric air also contains small traces of ammonia and carbon dioxide. 

3. When some metals are calcined in air, they combine with the oxygen of the 

air to form metallic oxides (calces). 

Here then the student has a rich heritage ; he has received in one lesson 
the result of nearly a thousand years of thought and labour on the nature 
of atmospheric air ! 

Difficulties which confronted the early investigation of air.— It seems 
curious that such a long period of time should have been required to 
work from Geber^s note to the effect that “metals increase in weight 
when calcined in air,’’ to Lavoisier’s proof— 1774 — ^that “ the incimse in 
weight is due to the absorption of oxygen from the air.” This will occasion 
no surprise when we remember the difference between the properties of 
air which cannot be seen, and the properties of solids and liquids which 
can be readily seen and handled. The most obvious property of matter 
is its visibility, and the conception of matter divested of this quality is 
no small effort to a mind untutored in physical thought. As G. F. Rod- 
well has pointed out, the inquiry into the nature of an intangible, invisible 
body, wMch exercises no apparent effect on surrounding objects, belongs 
to an advanced order of experimental philosophy. There T^ere no means 
of recognizing even the more salient properties of air at the disposal of 
the chemists until a comparatively late period, and the earlier chemists, 
accordingly, believed air to be intrinsically different in its essence from 
more familiar visible substances. To illustrate the ideas about air which 
prevailed at the end of the 18th century, the opening words of Lavoisier’s 
essay, “ On the nature of the substance which combines with metals during 
their calcination, and which increases their weight” (1774), may be 
quoted: 

Do different kinds of air exist ? Is it enough that a body should be 
permanently expanded for it to be considered a particular kind of air ? Are the 
different airs found in nature or formed by us, specific substances, or are they 
anodifieations of atmospheric air ? 

It wiM not be always expedient to follow the history of each hypothesis 
and each conquest of truth, step by step, as in the case of air. That, of 
course, would be an ideal plan. (Goethe was quite right : “The history 
of a science is the science itself.” Unfortunately, we cannot always spare 
time to wander with the original investigators into the byways of know- 
ledge, This text-book must, therefore, take the place of one of the ancient 
genii, and Jog the student’s elbow when he wanders from the right, or 
rather the conventional, track. We must learn to profit by the experience 
of others ; and, if possible, leave behind a record of our own so that fiitm 
generations may profit by our successes and failures. 


§ 10. What is an Element ? 

I must not look upon any body as a true principle or element, which is not 
perfectly homogeneous, but is further resfcolvable into any number of dis- 
tinct substances. — R. BoviE. 

We have Just seen that air can be resolved into two gases — ox^^-gen 
and nitrogen.^ It is further possible to resolve aU Imown substances— aliv 
water^ etc. — ^into about eighty distinct, elemental, or primitive forms of 
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matter. Sulphur and iron, for example, can be obtained from ferrous 
sulphide; sulphur, iron, and oxygen can be obtained from ferrous sul- 
phate ; mercury and oxygen, from mercuric oxide ; hydrogen and chlorine, 
from liydrogen chloride ; etc. No chemist, however, has ever separated 
from ox3rgen anything but oxygen ; from nitrogen, anything but nitrogen ; 
nor from mercury, anything but mercury. Hence, oxygen, nitrogen, and 
mercury are said to be elements. We can combine mercury, oxygen, 
and nitrogen in many different ways, and then decompose the resulting 
compound ; but we can get notliing more from the compound than the 
three elements — ^mercury, nitrogen, and oxygen— used at the commence- 
ment. But we are not yet prepared with a definition of the term 
“ element.’’ 

We are indebted to Robert Boyle (1678) and to A. L. Lavoisier {1789) for 
the modern conception of the word. Lavoisier, quite logically, considered 
lime, magnesia, barj^ta, and alumina to be elements. We now know 
that these “ elements ” of Lavoisier are compounds of oxygen with calcium, 
magnesium, barium, and aluminium respectively. Lavoisier apparently 
foresaw some such possibility, for he stated : “ We are certainly- authorized 
to consider them simple bodies until by new discoveries, their constituent 
elements have been ascertained.” Again, in 1811, the question whether 
chlorine — ^then called oxymuriatio gas — ^was really an element or a com- 
pound of oxygen with some other element was raised by Humphry Davy. 
Davy claimed that chlorine is an element because, although oxygen was 
believed to be present, none could be found. “ Hence,” added Davy, 
“ we have no more right to say that oxymuriatic gas (Le. chlorine) con- 
tains oxygen than to say that tin contains hydrogen. . . . Until a body is 
decomposed, it should be considered simple.” 

It is not possible to improve upon Lavoisier’s conception of an element, 
and I feel compelled to quote his words, although written before 1789 : 

If we apply the term elements or principles to bodies to express our idea of 
the last point which analysis is capable of reaching, we must admit, as elements, 
all substances into which we are able to reduce bodies by decomposition. Not 
that we are entitled to affirm that these substances which we consider as simple, 
may not themselves be compounded of two, or even of a greater number of more 
simple principles ; but since these principles cannot be separated, or rather, since 
we have not hitherto discovered the means of separating them, they are, with 
regard to us, as simple substances, and we ought never to suppose them com- 
pounded until experiment and observation have proved them to be so. 

In fine, “ element ” is a conventional term employed to represent the 
limit of present-day methods of analysis or decomposition. We may 
therefore summarize these ideas in the definition : An element is a 
substance which, so far as we know, contains only one kind of 
matter. To say that the elements cannot be decomposed is an 
unwarranted reflection on the powers of our successors. The moment 
Auer von Welsbach (1885) proved that didymium was a mixture of prase- 
odymium and neodymium, one element ceased to exist, and two elements 
were born. If it were found to-morrow that the element chlorine is 
really a compound of two nev* elements previously unknown, the fact would 
be important and it would change the face of chemistry, but it would not 
render useles.s any facts we know about chlorine. 

The old alchemists sought to transform some of the common metals 
into gold. Whenever the attempt has been made with materials known 


26 


MODERN ’fflOBGANIC CHEMISTRY 

to be free from gold, no transmutation has been observed. There is 
nothing intrinsically absurd in the notion, but at present, no authentic 
transmutation of this kind has been deliberately, or rather intentionally, 
accomplished. When the evidence has permitted a critical examination, 
every recorded instance has been traced to a mal-observation ^ ; and 
evidence which cannot be tested is outside the range of scientific methods. 

§ II. The Four-Element Theory, 

Four elements intimately united 
Form the whole world. — S ohilleb. 

The four-element theory is one of the oldest attempts to classify the 
multitudinous forms of matter which make up the world. To the early 
philosophers, the world was composed of four distinct principles or entities 
— ^the earth typified all solids ; water, liquids ; air, the winds, clouds, and 
the breath ; and lastly fire which was the symbol of the sun, and wor- 
shipped by many as a god. Hence, in the writings of the alchemists, we 
usually find a chapter devoted to this quartet : earth, water, air, and fire. 
The early philosophers added a fifth element — quinta essentia — ^perhaps 
analogous with the primal matter of the Greeks. This was supposed 
to be a subtle extract, the quintessence of the other four. The ancient 
Hindu philosophers had previously added a fifth element which, in their 
system, was supposed to be the medium for propagating sound, etc., and 
which, in consequence, had something in common with the modern 
concept of an eether pervading ail space. ^ 

While accepting the hypothesis of a universal primal matter, many 
of the alchemists of the Middle Ages rejected the four-element theory and 
adopted three principles — tria prima — ^whioh they called respectively salt, 
sulphur, and mercury. Salt represented the principle of fixity or solidity ; 
7mrcury typified air and water, or the principle of liquidity and gaseity ; and 
sulphur typified fire, or the principle of combustiofi. These three principles 
were thus parallel with the four elements of the Greeks, and it is now 
difficult to see what was gained by the change. Possibly they had some 
idea of making a mundane trinity recall The Trinity. 

The three- and four-element theories were demolished when water, air, 
and the earths were decomposed into still simpler bodies ; and when fire 
was shown to be a manifestation of energy. It is probable that the term 
element ” was not used by the old philosophers in the same sense that 
it is to-day. Whatever the idea involved in the four- element theory, it 
was believed by many different races in different parts of the globe ; it 
has pervaded the philosophy of all thinking races ; it has been sung by 
the poets of every land ; and it has had a longer life than any succeeding 
philosophy. The theory was living a couple of centuries ago ; it is now 
dead, 

^ Bee the chapter on Badioacfcivity ” towards the end of tins work. 

® Air, Bot the aether, is the medium for propagating sound. 


CHAPTEK II 


Combination BY Weight 

§ 1. The Law of Constaut Composition. 

Nature in her miscmtable wisdom has set limits which she never over* 
steps, — Jean Bey. 

Attention must now be directed to the singular observation made by 
Jean Rey (1630) that during the calcination of a metal in air, “ the weight 
of the metal increased from the beginning to the end, but when the metal 
is saturated, it can take up no more air. Do not continue the calcination 
in this hope : you would lose your labour.” The examples previously 
quoted — Table I. — have shown that one gram, and "only one gram, of air is 
absorbed by definite amounts of the given metals under the conditions 
of the experiment, and Lavoisier’s work proves that the oxygen of the air 
is alone absorbed. Accordingly, one part by weight of oxygen is equivalent 
to : 

Oxygen. Magnesium. Zinc. Aluminium. Copper. Tin, 

1 1-52 4-06 1‘12 3*97 3*72 

Instead of taking the weight of oxygen unity, it will be more convenient, 
later on, and also more in accord with general usage, to make oxygen 8 
instead of unity. Hence, multiplying the preceding numbers by 8, we 
obtain : 

Oxygen, Magnesium. Zinc. Aluminium, Copper, Tin. 

8 12*16 32-48 8*96 31*76 29*76 

When magnesium is calcined in the presence of oxygen, or air, the 
metal always unites with the oxygen in the proportion of one part of 
oxygen per 1*52 parts of magnesium, or 8 parts by weight of oxygen per 
12*16 parts by weight of magnesium. The same principle obtains when 
magnesium oxide made in several dijfferent ways ; and likewise with 
the other metallic oxides. Hence, as P. G, Haitog puts it ; two like 
portions of matter have the same composition. The converse of this 
statement is not necessarily true. 

The exact work of J. S. Stas and of T. W. Richards and many others 
has firmly established this ded.uction for the regular type of chemical 
compounds. J.*S. Stas (1860), for example, studied among other things, 
the composition of silver chloride prepared By four different processes 
at different temperatures. He found that 100 parts of silver furnished 
132*8425, 132*8475, 132*842, 132*848 pa;rts of silver chloride; and that 
neither the temperature nor the method of preparation had any inffuence 
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on the composition of the chloride. The difference hetween the two 
extiemes is less than 0:006 par^ 100 parts of silver. This shows 
that the errors, incidental to all experimental worh, are here remarkably 
small. Hence, Stas " stated : ■ ' *'■ If ■ the recognized ...constancy of ; stable 
chemical compounds needed further demonstration, I consider the almost 
absolute identity of my results has now completely proved it.” 

The student will take notice that we are unable to prove the law. of con* 
sta,nt proportions with mathematical exactness. However skiljul a chemist 
may be, it is impossible to make an exact measurement without conmiiUing an 
error of observation ” or an err cm of experiment ” It is assumed that the 
small difference 0*005 per cent, between the two extreme results of Stas 
(1) is wholly due to the unavoidable errors of experiment, for vre cannot 
expect an exact solution of the problem ; and (2) is not duetto a very 
slight inexactitude in the law of constant proportions. (Cf. p, 570.) 

The composition of a definite chemical compound appears to be 
independent of its mode of formation, and therefore it is inferred that 
substances always combine in definite, proportions. If an excess of one 
substance be present, the amount in excess is extraneous matter. This 
deduction from the observed facts is called the law of definite proportions, 
or the law of constant composition : a particular chemical compound 
always contains the same elements united together in the same pro- 
portions. Probably no generalization in chemistry is more firmly estab- 
lished than this. It w’-as not discovered by any paitieular man, but 
gradually grew among the doctrines of chemistry. The law was tacitly 
accepted by many before it was overtly enunciated — e.g. J. Key (1630), 
1. Newton (1706), G. E. Stahl (1720), F. G. RoueUe (1764), C. F. Wenzel 
(1777), T. Bergman (1783), etc. So great is the faith of chemists in the 
truth of this generalization that a few accurate and careful experiments 
are considered sufficient to settle, once for aU, the composition of a sub- 
stance. For instance, if a substance possessing aU the properties of mag- 
nesium oxide be given to a chemist, without taking any more trouble, he 
knows that it will contain 12*16 parts of magnesium for every 8 parts of 
oxygen. 

Historical. — The validity of the law was the subject of an interesting 
controversy during the years between 1800 and 1808. J. L. Proust main- 
tained that constant composition is the invariable rule ; C. L. Berthoilet 
maintained that constant composition is the exception, variable com- 
position the rule. Proust’s words are worth quoting : 

According to niy view, a compound is a privileged product to which nature 
has assigned a fixed composition. Nature never produces a compound, even 
through the agency of man, other than balance in hand, pondere et mcmiru. 
Between pole and pole compounds are identical in composition. Their appear- 
ance may vary owing to their manner of aggregation, but their properties never. 
No differences have yet been observed between the oxides of iron from the South, 
and those fx’om the North ; the cinnabar of Japan has the same composition as 
the cinnabar of Spain ; silver chloride is identically the same whether obtained 
from Peru or from Siberia ; in all the world there is but one sodium chloride ; 
one saltpetre ; one calcium sixlphate ; and one barium sulphate. Analysis con- 
firms these facts at every step. 

It might be thought that positive assertions of this kind, backed by 
accurate experimental work, would leave no subject for disputation. But, 
surveying the battlefield in the light, of the present-day knowledge, it 
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seems that another quite different phenonieiion^ w confused with the 
law of constant composition ; and , the methods of analysis were not very 
precise. Some, probably from the xmfounded belief that “ Proust de- 
servedly annihilated Berthollet,” call the generalization discussed in this 
chapter, ^tProust’s law.” We shall see later that a phenomenon which 
Proust apparently did not clearly recognize prevented him from annihi- 
lating Berthollet, 

§ 2. Physical and Chemical Changes. 

Most of the substances belonging to our globe are constantly undergoing 
alterations in sensible qualities, and one variety becomes, as it were, trans- 
muted into another. Such changes, whether natural or artificial, whether 
slowly or rapidly performed, are called chemical. Thus, the gradual and 
almost imperceptible decay of the leaves and branches of a fallen, tree 
exposed to the atmosphere and the rapid combustion of wood in our fires, 
are both chemical operations, — H. Davy, 

One element or compound is distinguished from all other elements 
or compounds in possessing certain specific and characteristic pro- 
perties ; or, in the words of an old alchemist, God hath sealed each 
substance with a particular idea.” First and foremost, a chemical com- 
pound has a fixed and definite composition ; then again, it melts and boils 
at definite temperatures ; its crystalline form, specific gravity, specific 
heat, colour, odour, behaviour when in contact with other substances, 
etc., are characteristic of one particular chemical compound. When 
the melting point of, say, pure silver chloride has been once accurately 
determined, it follows that ail other samples of pure silver chloride will 
melt at the same temperature under the same conditions. The more 
salient characteristic properties of an element or compound are employed 
as tests for its identification — that is, for distinguishing it from all other 
known compounds. Thus a student would be probably correct in stating 
that a solution contained a silver compound if it gave a white precipitate 
when acidified with hydrochloric acid, and the precipitate was insoluble 
in hot water, and soluble in aqueous ammonia. 

Physical changes. — ^When liquid water becomes ice or steam there is no 
change in the chemical nature of the substance, for the matter which makes 
steam and ice is the same in kind as that of liquid water, A substance 
can generally change its state, as when liquid water becomes steam or ice. 
The idea is further emphasized by the fact that in most cases a substance 
is called by the same name, whether it be in the soHd, liquid, or gasi^ous 
state of aggregation, e.g. we speak of liquid ” oxygen, “ liquid ” air, 
molten ” silver chloride, etc. Again, matter may change its volume by 
expansion or contraction ; it may change its texture^ as when a porous 
solid is compressed to a compact mass ; it may change its fonUf as when 
matter in bulk is ground to powder ; it may change its magnetic qualities^ 
as when a piece of soft iron in contact with a magnet attracts other pieces 
of iron, etc. It is conventionally ^ agreed to say that in none of these cases 

^ I must confess that in^^vriting this book l have found this chapter to be the 
most difficult. We have some uncomfortable doubts if magnetized and demag- 
netized iron can be called the same kindpf matter j similar remarks apply to, say, 
monoclinic and rhombic sulphur ; and to water at —20°, 4*20°, and 4 120°. Tho 
student -will appreciate the difficulty, after reading. § 3 in the chapter on Water/* 
and § 7 in the chapter on Sulphm,’* . 
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of physical change is there any eYidence of the formation of a new sub- 
stance; and that the matter does not lose or change those properties 
■which distinguish it from other forms of matter. A physical change 
involves an alteration in the properties of a substance without the for- 
mation of a new^ substance. 

Chemical changes.—Wiien magnesium metal is heated in air, a white 
powder is formed, and when mercuric oxide is similarly treated, mercury 
and ox^T’gen are obtained. The action of heat in both eases furnishes 
forms of matter with very different specific properties from those forms 
of matter employed at the start. A chemical change involves the 
formation of a fresh substance or substances, with different specific 
properties from the original substance or stibstances. In both chemical 
and phjT'sical changes, as shall soon find, the total mass of matter before 
and after the change remains constant, but in chemical changes alone the 
Hwd of matter altern. 

It is not always easy to distinguish between physical and chemical 
changes, because the only real distinction between the two turns on the 
question : Is there any evidence of the formation of a new substance 
during the change ? The evidence, as we shall soon see, is not always 
conclusive. 

§ 3. Compounds and Mixtures. 

The common operations of chemistry give rise in almost every instance to 
products which bear no resemblance to the materials employed. Nothing 
can be so false as to expect that the qualities of the elements shall be still 
discoverable in an unaltered form in the compound. — W, Whewell, 

1. The constituents of a compound are combined in definite pro- 
portions. — ^The law of constant proportions is of fundamental importance 
in forming a conception of the meaning of the term “ chemical compound.’* 
If a substance produced in different ways be not constant in composition, 
it is not considered to be a chemical compound, but rather a mixture. 
R.. Bunsen (1846), for example, showed that the proportion of oxygen to 
nitrogen in atmospheric air is not constant, because the oxygen 'varies 
from 20*97 to 20*84 per cent, by volume, by methods of measurement 
with an error not exceeding 0*03 per cent. Hence, the oxygen and nitrogen 
in atmospheric ahr are said to be simply mixed together, and not combined 
chemically. We shall soon see, however, that substances with a definite 
composition are usually, but not always, chemical compounds. 

2. Compounds are homogeneous, mixtures are usually hetero- 
geneous. — ^It is comparatively easy to detect particles of sugar and sand 
in a mixture of the two ; and a simple inspection of a piece of Cornish 
granite will show that it is a mixture of at least four constituents-— silvery 
flakes of mica ; black patches of schorl ; whitish crystals of felspar ; and 
clear glassy crystals of quartz. A photograph of a thin slice of this rock, 
as it appears xmder the microscope magnified about 50 diameters, is 
shown m Pig. 3. Although the particles of felspar, mica, schorl, and 
quartz difler from one another in size and shape, no essential diflerence 
can be detected in the composition and properties of different samples 
of pure quartz, pure felspar,:, mica, : a.nd schorl. Hence, it is inferred 
that the sample of granite is A. mixture of schorl, felspar, quartz, and 
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mica ; and that eack of these minerals is a true chemical componnd. 
Very fTeqnently, the constituents of a mixture are too small to be dis- 
tinguished by simple inspection, and the body appears homogeneous. 
A microscopic examination may reveal the heterogeneous character of 
the substance. Blood and milk, for instance, appear to be homogeneous 
fluids, but under the microscope the former appears as a colourless fluid 
with red corpuscles in suspension; and -milk appears as a transparent 
liquid containing innumerable white globules (fat). ISfaturaliy, too, the 
• stronger the magnification, the greater the probability of detecting whether 
the body is homogeneous or not. Sometimes the microscope fails to detect 
non-homogeneity under conditions where other tests indicate hetero- 
geneity.^"., ■ ■ 

Before constant composition can be accepted as a proof of chemical 
combination, it must also be shown that the substance is homogeneous. A 
homogeneous substance 
is one in which every 
part of the substance has 
exactly the same com- 
position and properties 
as every other part. A 
substance may have a 
fixed and constant com- 
position and yet not be 
homogeneous — e.gr. cryo- 
hydrates and eutectic 
mixtures to be described 
later. A substance may 
be homogeneous, for all 
we can tell to the con- 
trary, and yet not have 
a constant composition 
— e.g. atmospheric air ; a 
solution of sugar in 
water, etc. This simply 
means that all chemical 


comjfouTtds are homogeneous, hut all homogeneous substances are not chemical 
compomids. Indeed, it is sometimes quite impossible to tell by any single 
test whether a given substance is a mixture or a true chemical comj)ound. 

3. The constituents of a mixture can usually be separated, by 
mechanical processes. — The properties of a mixture of finely poV'dercd 
iron and sulphur have been used in chemical text-books since 1823 to 
illustrate the difierence between mixtures and compounds. It would 
be difficult to find a better example. Kub together a mixture contaimng, 
say, 6 grams of iron and 4 grams of sulphur in a mortar, and note that : 
(1) the colour of the mixture is intermediate between the colour of the iron 
and of the sulphur ; (2) the particles of iron and sulphur can be readily dis- 
tinguished under the microscope ; (3) some of the iron can be removed 
without difficulty by means of a magnet ; and (4) the two can be separated 

^ See a later section on Ultramicroseopic Particles/’ It may seem cmaoTOS 
to refer a student to a later chapter. The, reference, f is 

the book is read a second time, not the first, time. A text-book should be e d 
forwards anc? backwards. 
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quite readily by washing the mixture on a dry filter paper by means of 
carbon disulphide. The sulphur dissolves in the carbon disulphide ; the 
solution ‘can be collected in a dish placed below the filter paper ; and the 
sulphur can be recovered by allowing the carbon disulphide to evaporate 
from the dish; Sulphur remains -behind as a crystalline residue (Fig. 162). 
The metallic iron remains on the filter paper. Here then the- constituents 
of the mixture have been separated by the mechanical processes — mag- 
neting, and the action of solvents. It is not always possible to apply 
these tests. Solvents, as we shall Jlnd later, sometimes decompose a com- 
pound into its constituents, or conversely, “ cause ” the constituents of a 
mixture to combine. 

4. A mixture usually possesses the common specific properties of its 
constituents ; the properties of a compound are usually characteristic 
of itself alone. — The properties of a mixture are nearly always additive, 
i.e, the resultant of the properties of the constituents of the mixture. For 
instance, a mixture of equal parts of a white and black powder will be 
grey. The specific gravity of a mixture of equal . volumes of two sub- 
stances of specific gravity ^ 3 and 5 will be 4, because if 1 c.c. of -water 
weighs 1 gram, there will be a mixture of 0*5 c.c. weighing 1*5 gram of 
one substance ; 0*5 c.c. of the other substance weighing 2*5 grams ; and 
1*5 4- 2 '5 = 4 grams per c.c. It must be added that such properties of 
compounds are additive, for they are the sum of the properties of their 
constituents. 

Examples, — (1) What is the specific ' gravity of air containing a mixture of 
one volume of oxygen and four volumes of nitrogen when the specific gravity of 
oxygen is 16, and the specific gravity of nitrogen 14*01 ? One -fifth volume of 
oxygen weighs 3*2 units, and four -fifths volume of nitrogen weighs 11*2 units. 
Hence, one volume of the mixture will weigh 14*4 units when one volume of 
oxygen weiglis 16 units. 

(2) Ozonized air — a mixture of air and ozone — ^has a specific gravity 1*3698, 
and it contains 13*84 per cent, by weight of air, specific gravity unity, and 86*16 
per cent, of ozone. What is the specific gravity of ozone ? Here 13*84 grains 
of air occupy 13*84 -f 1 volume ,* and 86*16 grams of ozone occupy 86*16 -4- x 
volumes, where x denotes the specific gravity of ozone. Hence, 100 grams of 
ozonized aar occupy 100 -- 1*3698 73 volumes. Hence, 73*00 = 86*16 x 

4- 13*84* or .r = 1-456. 

If a portion of the mixture of sulphur and iron indicated above be 
placed in a hard glass test-tube, and warmed over the Bunsen’s fiame, the 
contents of the tube begin to glow and a kind of combustion spreads 
throughout the whole mass. When cold, break the test-tube, and note 
that (1) the porous black mass formed during the action is quite different 
from the original mixture ; (2) the microscope shows that the powdered 
mass is homogeneous; (3) it is not magnetic like iron,^ and (4) it gives 

^ SpEomc Gbavity. — T he student is supposed to know that specific gravity is a 
number which expresses hoio much heavier a given subsiance is than an equal volume 
of water taken at a standard temperature. In the case of gases, it may be that 
air •== unity, oxygen =16, hydrogen = 1, or hydrogen —2 is taken as standard ; 
and in the case of liquids and solids, water at -j" 4:“, or at 0*^, is taken as unity. 
The great value of specific gravity data lies in the fact that specific gravity is a 
number which enables volume measurements to he cowssHed into weights^ and weight 
measurements to he converted into volumes, Specific gravity may thus be regarded 
as the weight of unit volume if the standard water !=: 1 be taken, and the weights 
are reckoned m grams, and volumes in cubic centimetres. There is no need here 
to distmguish between density and specific gravity. 

This provided the iron was hot in-'excess.’ ' ■ 
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up no sulphur when digested with carbon disulphide A These fa.cts lead 
to the assumption that there has been a chemical reaction between the 
sulphur and the iron. When chemiml con^inatmi occurs, the reacting 
constituents appear to lose their individuaUtg (^ identity wore or less com- 
fletely, and each new substance which ts formed has its own distinctive 
properties, * - 

5, Thermal, actinic (light), or electrical phenomena usually occur 
during chemical changes.— Attention must be directed to the fact that 
a great deal of heat was developed during the combination of the iron and 
sulphur. The heat required to start the reaction does not account for the 
amount of heat developed during the reaction. This point is perhaps 
better emphasized by placing an intimate mixture of powdered sulphur 
and zinc on a stone slab. After the flame of a Bunsen’s burner has been 
allowed to play on a portion of the mixture for a short time to start the 
reaction, the zinc and sulphur combine with almost explosive violence. 
Large amounts of 
heat and light are 
developed during the 
reaction. 

If a plate of com- 
mercial zinc be placed 
in dilute sulphuric 
acid, bubbles of gas 
are copiously evolved, 
and if a thermometer 
be placed in the vessel, 
the rise of tempera- 
ture shows that heat 
is generated during ' 
the chemical action. 

If the zinc be pure, Piq., ^.—Eleetnoity by Ghemical Action — Voltaic Celt 
very little if any gas 

is developed. It makes no difference if a plate of platinum be dipped 
in the same vessel as the zinc, provided the plates are not allowed to 
come into contact with one another. If the two plates are connected 

by a piece of copper wire, a rapid stream of gas bubbles arises from the 

surface of the platinum plate, and some gas also comes from the zinc 

plate. The platinum is not attacked by the acid in any way, but the 

zinc is rapidly dissolved. If a voltmeter be interposed in the circuit 
between the two plates — Fig. 4 — the deflection of the needle shows that 
an electric current ‘‘ passes ’’ from the platinum to the zinc, as repre- 
sented by the arrows. The electric current is generated by the chemical 
reaction between the zinc and the acid, which results in the formation 
of zinc sulphate and a gas. The action will continue until aU the acid or 
the zinc is used up. 


Nomenclature. — The junction of the wire .with the zinc plate is conventionally 
called the negative or — pole; and the junction of wire with the platinum 
plate is called the positive or + pole* -For convenience, the zinc or positive plate 



1 This provided the sulphur was not in excess, but the excess of sulphur if 
present can often be driven ofl as vapour. . ' . , 
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of the ceil B is often represented by a short thick line, and the^ platinum or 
negative plate by a longer thinner line as illusti’ated by the plan, Fig. 4. Hence 
the platinum in this simple cell is called the positive pole, oi' negative plate ; and 
the zinc is the negative pole, or positive plate. Here G represents the voltmeter 
or galvanometer. The vessel of acid with its two plates is called a voltaic cells 
and this particular combination can be symbolized : — 

Platinum | Dilute sulphuric acid | Zinc 

The chemical reaction just indicated is far from being the most econo- 
mical mode of generating electricity, but all the different forms of voltaic 
cell on the market agree in this : Electricity is generated during chemical 
action. 

The developments of heat, light, m" electrifkation are coyyinion conconii^ 
tants of chemical action. The absence of such phenomena when substances 
are simply mixed together is usually taken as one sign that chemical 
action has not taken place. When nitrogen and oxygen are mixed 
together in suitable proportions to make atmospheric air there is no 
sign of chemical action, and this fact is sometimes cited among the 
proofs that air is a mixture. The argument is not conclusive, because 
the condensation of water vapour and the freezing of liquid water are 
often cited as examples of physical change although heat is evolved in 
both transformations. 

Summary. — ^The tests for distinguisliing ohemioal compounds from mixtures 
involve answers to the following questions : 

1, Are the different constituents united in definite and constant px'oportxons ? 

2. Is the substance homogeneous ? 

5. Are the properties of the substance additive ? 

4, Were thermal, actinic, or electrical phenomena developed %vhen the sub- 
stance was compounded ? 

6. Can the constituents be separated by mechanical processes ? 

Mechanical processes of separation. — ^The so-called mechanical 
processes of separation usually include: (1) Magneting, hand-picking, 
sieving, etc. ; (2) If some mixtures be placed in liquids of the right 
specific gravity, the lighter constituents will float and the heavier con- 
stituents win sinlc ; (3) Diflerences in the solubility of the constituents in 
suitable solvents ; (4) Distillation ; (5) Freezing ; (6) Liquation ; 

(7) Diflusion ; (8) Elutriation ; (9) Flotation, etc. 

It may be useful to again emphasize the fact that the so-called 
mechanical ” processes of separation, involving solution, freezing, and 
distillation, are not always satisfactory tests for distinguishing chemical 
compounds fi’om mechanical mixtures. It is generaJiy stated that “ a 
solution of sugar or of salt in water is a mechanical mixture because, 
though homogeneous, the salt or sugar can be recovered unchanged from 
the water by the mechanical process of evaporation.’* This is an un- 
warranted assumption. The salt and water may have combined, and the 
product of the chemical combination may be decomposed into salt and 
water during the process of evaporation. 

The above list does not exhaust the available tests, but In spite of 
what w''e kno\v, there is sometimes a Jingering doubt ■whether a particular 
substance is a mixture or a true chemical compound. This arises from the 
fact that some of the tests are impracticable, others are Indecisive. As 
previously stated, owing to our ignorance, it is not always easy to state 
** the truth and nothing but the truth; ” 
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§ 4. Circumstantial and Cumulative Eiridence. 'v 

To find tha truth is a matter of luck, the full value of which is only realized 
when w© can prove that what we have found is true. Unfortunately, the 
certainty of our knowledge is at so low a level that all we can do is to loilow 
along the lines of greatest probability. — I, if . Beezelius. 

Suppose a substance is suspected to be a chemical compound because 
it appears to be homogeneous ; on investigation, we find that it has a fixed 
definite composition. This verifies our first suspicion, and the joint 
testimony gives a very much more probable conclusion than either alone. 

piling up the evidence in this manner, for or against our suspicion, 
we can make a chain of circumstantial evidence w^hich enables highly 
probable conclusions to be drawm. Each bit of evidence taken by itself 
is not of much value, but all the evidence taken collectively has tremendous 
weight. It is easy to see, too, that the probability that an hypothesis 
is valid becomes less as the number of unproved assumptions on which 
it is based becomes greater. On the other hand, plausible hypotheses 
neatly dovetailed may sometimes fit together so v’eU as to strengthen 
rather than w^eaken one another ; but the truth of the hypotheses is not 
thereby established. 

We can even get a numerical illustration. If the definite-compound 
test be right nine times out of ten, the probability that a given substance 
of definite composition is not a true compound is ; similarly, if the homo- 
geneous test be right tliree times out of four, the probability that the given 
homogeneous substance is not a chemical compound is J ; and the proba- 
bility that the -given homogeneous substance of definite composition is not a 
true compound is ^tr- Every bit of additional evidence in favour of a 
conclusion multiplies the probability of its being correct in an emphatic 
manner ; and evidence against a conclusion acts similarly in the con- 
verse way. Huxley has stated that one of the tragedies in science is the 
slaughter of a beautiful hypothesis by one incongrmnt fact ; a conclusion 
based solely upon circumstantial evidence is always in danger of this 
Damoclean sword. 

A writer has said : “ When two facts seem to be in conflict, we may 
be driven to decide which is the more credible of the tvro*” This state- 
ment may give rise to a misunderstanding. We cannot admit the possi- 
bility of two contradictory facts. Facts can, and often do, contradict 
hypotheses. Again, a fact is a fact and cannot be disputed. If there 
bo any doubt about the truth of an alleged fact, something is wTong. 
laboratory, not the study, is the place to decide if the alleged fact is the 
result of an incomplete or of a mal-observation. Facts facts cannot 
be graded in degrees of probability or credibility; they cannot be dis- 
puted ; and they are the last court of appeal. 

§ 5. Analysis and Synthesis, 

It is surely not fitting for a chemist to make a large number of experiments 
with the sol© object of 'vapidly making new products, for he will then over- 
look phenomena and changes , during the operations which might serve as 
important clues to an explanation of nature’s secrets. — M.W. Lomonossofe, 

The term Byntliesis ' — ^from the Greek utJr (syn), with ; rt$4o} (titheo), 
I place— -is employed for the operations involved in making a particular 
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compound from its constituents. E.g, methods for the synthesis of 
ferrous sulphide, and also for the synthesis of various oxides, were described 
in preceding sections. The t^vm. aTuilysis — ^from the Greek am (ana), 
back ; (lyo), I loosen—is employed for the process of separating the 
constituents of a compound or mixture. Thus mercuric oxide is broken 
down into its constituents when heated. The object of the analysis may 
be to answer the question : What are the constituents of the mixture or 
compound ? The analysis is then said to h& qualitative. If the relative 
quantities of the different constituents are to be determined, the analj^sis 
is said to be quantitative. For instance, if a weighed portion of a mixture 
of sulphur and iron he treated with carbon disulphide as described abovejj 
and the separated sulphur and iron be weighed, the two weights should 
be nearly equal to the weight of the original mixture taken for the analysis. 
The numbers so obtained express the result of a quantitative analysis of 
the mixture. 

Anal 3 rsis of gunpowder. — Gunpowder is a mixture of nitre (soluble 
in water), sulphur (soluble in carbon disulphide), and carbon (insoluble 
in both the solvents just mentioned). Hence, gunpowder can be analysed 
by first washing a weighed quantity of the powder on a filter paper with 
warm water and collecting and evaporating the filtered solution to dryness 
in a weighed dish. The increase in the weight of the dish with its contents 
represents the amount of nitre. The insoluble residue is dried and treated 
in a similar manner with carbon disulphide, and the amount of sulphur 
determined as in the case of the mixture of iron and sulphur. The 
dried carbon is then weighed. The result of a quantitative analysis of a 
sample of gunpowder, expressed in percentage numbers, is : nitre, 78 per 
cent. ; sulphui*, 12 per cent. ; charcoal, 10 per cent. For the appearance 
of the residual nitre (potassium nitrate) left on evaporating the aqueous 
solution see Fig. 196 (left) ; and for the sulphur residue, Fig. 162. 

There was one period in the liistory of chemistry when the discovery 
or synthesis of new substances was considered to be the main aim of the 
chemist. New substances were made unmeasured, unclothed, and 
required to be investigated all over again. The style of some old text- 
books on chemistry was not far removed from that of cookery-recipe books. 
Their long monotonous lists of methods of preparing compounds led 
E. J. Mills to say that “ chemistry has become an art of breeding (new 
compounds).'’ This work has been useful, for it has fm-nished modern 
chemistry mth raw empirical material to he worked up into science; 
indeed, a great deal more empiiical data is now available than chemistry 
has been able to assimilate. Modern chemistry therefore is not so much 
directed to the discovery of new compounds, as to a more careful study 
of the old. We are beginning to recognize the truth of the inspired words 
of M. W. Lomonossofi, cited above, though written in 1751, and the 
growing use of “ squared paper in chemical text- books is “ a sign of the 
times.” 

Synthesis of zinc sulphate. — ^The solution ’which remains when the 
dilute sulphuric acid, indicated on p. 33; can ,4issolve no more zinc may 
be filtered and evaporated over a, hot, plate until a drop of the hot solution 
crystallizes when placed on a hold glass plate. Crystals of zinc sulphate 
will separate as the solution epols,. By evaporating a large volume of the 
solution very slowly, crystals over a foot long have been obtained. The 
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appearance of the crystals which separate from a drop of solution slowly 

evaporated is indicated in Fig. 5, and an outline drawing of a perfect 

crystal is shown on the ■ same y— - 

diagram. This experiment iilus- ‘ 

trates' the synthesis of zinc sul- I/" 

phate from' metallic zinc and 

The ■ analysis of aqueous '' | 

solutions of zinc sulphate by the •»*'' *C^*‘'* '>> J 
electric current.--In' the experi- 
nieiit illustrated hy Fig, 4, an 
electric current was developed 

during the reaction between di- ''x 

lute sulphuric . acid, and metallic M 

zinc which resulted in the forma- ' 

tioii of zinc sulphate. Fit up a i 

similar arrangement as before, 

but place two platinum plates, 

E and pure distiUed water in the 5_crystab of Zinc Sulphate ( x sm. 

clean glass jar, which will now 

be called the “ electrolytic ceil.” Connect the two platinum plates with 
an accumulator or secondary battery, and a voltmeter as indicated 
ill Fig. 6. The object of the accumulator is to generate an electric 
current.^ If the water is pure, the needle oi the voltmeter moves 
very little, if at all. Add a concentrated solution of zinc sulphate 
to the water in the glass jar. The jump of the needle of the volt- 
meter shows that a current of electricity is flowing through the circuit, 
and hence also through the solution of zinc sulphate. If chloroform, 
benzene, or an aqueous solution of cane sugar had been used in place 

r- — 1 Electrodes 

IOJ.AW , , 

Cathode Aaode 


WAcid ’ 
\Accamtiiaie^ 


Accumulator 

Fig. 6, — Chemical Action induced by Filectric Current — Electrolysis. 

of the solution of zinc sulpb*ate in the electrolytic ceil, no current w^ouid 
3)ass through the circuit. Hence liquids may be either conductors or 

1 This is a better way of using electricity than working with a primary battery. 

Fig. 4, 
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non-conductors of electricity. The current which passes through the 
solution of zinc sulphate produces some remarkable changes : ( I) a spongy 
mass of Bietalllc zinc accumulates about one of the platinum plates ; 
(2) if the solution be tested, particularly in the neighbourhood of the other 
platinum plate, sulphuric acid will be found to be accumulating in the solu- 
tion during the process of electrolysis : and (3) bubbles of oxygen gas, easily 
tested by collecting some in a test-tube, rise from the same platinum plate 
about which the acid accumulates. If the experiment be continued long 
enough, and the products of the action be examined, we shah find that 
metallic zinc and sulphuric acid have been produced. If the aceiiniulator 
be disconnected, and the connections be made as indicated in Fig. 4, the 
zinc will redissolve in the acid, re-producing zinc sulphate, and an electric 
current will be generated during the dissolution of the zinc. 

Nomenclature. — The process of decomposition or analysis by the aid of the 
electric current is called electrolysis. The liquid which is decorai^osed is called 
the electrolyte. The passing of the electric current through the conducting 
copper wires, and through the conducting platinum plates, produces no change in 
these metals. Hence, we recognize two kinds of conductivity — in one the con- 
ducting medium is decomposed by the current — electrolyte ; and in the other 
the conducting medium is not decomposed by the current — non-electrolyte. The 
plate at wliich the zinc collects is called the cathode — ^from the Greek Kara (kata), 
down; oSo? (hodos), a path — and the other plate, about which the acid collects, is 
called the anode — from the Greek <ha (ana), up 5 oSci? (hodos), a path. The anode 
and cathode together are called the electrodes. With the conventions indicated 
on p. 33. as to the direction of the electric current, the current is said to enter 
the electrolytic cell vtd the anode, and to leave the ceil znd the cathode. The two 
electrodes are thus “ the doors or ways by which the current passes into or out 
of the decomposing body.” It seems as if the electric current first splits the 
decomposing liquid into two parts which pass to the electrodes. The term anions 
— from the Greek twv (ion), traveller — is applied to those parts of the decomposing 
fluid which go to the anode j and those passing to the cathode are called cations, 
and when reference is made to both the anions and cations, the term ions is 
employed. “ Ions ” is thus a general term for those bodies which pass to the 
electrodes during electrolysis. This notation was proposed by M. Faraday in 
1834. The subject will be further developed in later chapters. 

The principle of reversibility.— The experiments indicated above 
illustrate an important principle — the principle of reversibility: If an 
antecedent event A produces an effect B, then an intecedent event B 
will reproduce the effect A. Thus, chemical action can produce an electric 
current, Fig. 4, and conversely, an electric current results in a loss of 
chemical activity (in the battery), Fig. 6. The one can undo the work of 
^he other, ^ Other examples of the principle will be found as we progress 
in our studies. Heat causes gases to expand ; conversely, if a gas expands 
by its own elastic force, heat will be lost and the gas cooled, etc. 


§ 6. Pure Substances. 

Pure water is never found in nature. One may even say that no man ha.s 
ever seen or handled absolutely pure water. It is an ideal substance, to 
which some specimens of highly purified water have nearly approached. — 
M. M. P. 'Mxjie. ' , ■ . ; • 

The substance we call water has its own specific properties, but sea- 
water, spring- water, rain-water, and distilled water show certain differences 
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in their properties* The differences, however, are' not due, to, the. water, 
but to the substances— impuritie>s— which the water has dissolved from 
its surroundings. If sea- water be distilled, the “ impurities ’’-—sodium 
chloride, magnesium chloride, etc. — 'remain behind. Sea- water is therefore 
a homogeneous substance, but, rightly or wrongly, it is often stated to 
be a mixture, because water can be separated by simple evaporation or by 
freezing. Table salt is more or less impure sodium chloride. The presence 
of a little magnesium ciiloride in table salt makes the salt more hygroscopic, 
so that the contaminated table salt deliquesces ^ more readily than if 
magnesium chloride were absent. 

Lavoisier’s experiments on the transformation of water into earth. 
— x4 compound may be contaminated with impurities in many ways— 
from the raw materials used in preparing the compound ; from the vessels 
in which it was prepared or stored ; by exposure to the atmosphere ; by 
the partial decomposition of the substance when exposed to light, etc. It 
was once believed that air can be condensed to water, as was thought to 
be proved by “falling dew” ; and that water can be changed into an 
earth, as is evidenced by the residue obtained when rain- water or distilled 
water is evaporated to dryness in glass vessels. Lavoisier read a paper 
in 1770 with the idea of “settling by decisive experiments whether w^ater 
can be changed into earth as was thought by the old philosophers, and 
still is thought by some chemists of the day.” By distilling water in 
hermetically sealed glass vessels, weighed before and after the experiment, 
it can be proved : (1) The earth does not come from outside the vessel, 
because the weight of the vessel and its contents does not alter ; (2) The 
earth does not come from the water, because the weight of the water 
remains the same before and after the experiment ; (3) The earth comes 
from the vessel, because the vessel loses in weight ; and (4) The earth 
comes wholly from the vessel, because the loss in weight of the vessel is 
virtually equal to the weight of the earth formed. Hence, adds Lavoisjer, 
“it follows from these experiments that the greater part, possibly the 
whole of the earth separated from rain-water by evaporation, is due 
to the solution of the vessels in which the water has been collected and 
evaporated.” 

The purity of commercial compounds. — The term or 

“ chemically is imfortunately used when it is desired to emphasize 

the fact that a substance is not contaminated with sufficient impurity to 
appreciably influence the most exact work for wffiich the substance is to 
be employed. There cannot be degrees of “ purity.” A thing is either 
“ pure ” or “ impure.” It may be convenient to use terms like “ higlily 
pure,” “ all but pure,” “ very impure,” etc., but the term “ chemically 
pure ” in the sense of “ nearly pure ” is objectionable. “ Chemically 
pure ” substances, paradoxical as it may seem, are sold with a statement 
on the labels indicating what impurities are present as well as how much 
of each. A commercial reagent, on the other hand, has not been s|>ecially 

^ The term (Miqnescenee refers to the process of absorbing moisture from the 
air so that a salt becomes moist^or even dissolves in, the moistm*e it has absorbed 
from the air. H.ff. expose potassium carbonate to the atmosphere by placing some 
crystals in a small dish and note the result. The term efflorescence refers to the 
formation of a crust — generally white-r-on the surface of a body. The pheno- 
menon is— very often — due to the loss of water from certain crystalline salts. 
E,g. expose crystals of wasliing-soda to a dry atmpsphere. 
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purified and fience is sold at a cheaper rate than the “ chemically pure ” 
chemicals. Purification is an expensive operation, and the cheaper eom- 
niercial reagents ^ are used whenever specially purified materials are not 
required. Some hold that “ perfectly pure substances are unimowii.” 
This is probable, but to establish the proposition, we should be involved 
ill a metaphysical discussion, and we might be led to say with A. Laurent : 
“ Ghemistry is the science of substances which do not exist.’’ 

The effect of traces of impurity on the properties of a compound. 
—It may be well to emphasize, just here, that sometimes a minute trace 
of impurity is of vital importance. Some reactions proceed quite differently 
in the presence, and in the absence of traces of impurity. The properties 
of many substances, too, are modified in a remarkable manner by small 
traces of impurity. H. Vivian says that yoVo antimonj^ will 

convert the best selected copper into “ the worst conceivable ” ; Lord 
Kelvin says that the presence of part of bismuth in copper would 
reduce its electrical conductivity so as to be fata! to the success of the 
submarine cable ; and W. R. Roberts- Austen says that part of bismuth 
in gold would render gold useless, from the point of view of coinage, 
because the metal would crumble under pressure in the die. That such 
minute proportions of extraneous matter should be capable of communicat- 
ing sensible properties of a definite character to the body ivith which they 
are mixed is, in the opinion of J. E. W. Herschel, “ one of the most extra- 
ordinary facts that has appeared in chemistry.” 

§ 7. Dalton’s Law of Multiple Proportions. 

If Dalton’s hypothesis of multiple proportions be found correct, we shall have 
to regard it as the greatest advance chemistry has yet made towards its 
development into a science* — J. J. Bebzelius, 1811. 

The formation of chemical compounds is not a capricious and fortuitous 
process, but it proceeds in an orderly fashion. Chemical combination is 
restricted to certain fixed proportions of matter. These limitations 
appear to have been prescribed by nature as part of her scheme in building 
the material universe. This fact arrested the attention of J. Rey in 1630. 
Rey’s conclusion that in the calcination of the metals “ nature lias set 
limits which she does not overstep,” agrees vfith many facts ; but tliere 
are certain limitations. If one gram of lead be calcined for a long time at 
500°, never more than 1*103 gram of a red powder — ^i*ed lead — is obtained. 

I Here, 64 grams of oxygen correspond with 621 grams of lead. If the lead 
j be calcined at about 750°, one gram of lead will not take up more than 
*0’07$ gram of oxygen to form a yellow powder — litharge; otherwise 
expressed, 64 grams of oxygen correspond with 828 grams of lead. Here 
then nature has set two limits ; lead forms at least two definite oxides — 
a red oxide stable at a dull red heat, and a yellow oxide stable at a bright 
red heat. The relative proportions of lead and oxygen in the two oxides 
are as follows : 

Oxygen. Lead. 

Red oxide (red lead) ... . , 64 621 = 207 X 3 
Yellow" oxide (litharge) . , . .. , , ^64 828 = 207 X 4 

^ The terms reagents and cjmmicaU five applied to the substances used in 
chemistry for producing special reactions with other substances. The term 
reagent ” is more particularly, used in analytical work. 
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TMs means tliat for a given weight of oxygen, the yellow oxide has four- 
thirds as mneli lead as the red oxide. Similarly, carbon forms two well- 
€lefined oxides called respectively carbon monoxide, and carbon dioxide. 
Iiitiiese.we have :' , ' 

Oxygen. Carbon. 

Carbon dioxide . , . . . . . 8 3 = 1 x 3 

Carbon monoxide . . ... . 8 6 = 2x3 

At least five oxides of nitrogen are known. In these, the relative pro- 
portions of nitrogen and oxygen are as follows : 


Nitrogen monoxide . 

Nitrogen. 

. . . 14 

Oxygen. 

8 = 1 X 8 

Nitrogen dioxide . 

. . . 14 

16 = 2 X 8 

Nitrogen trioxide 

. ... 14 

,24 = 3X8 

Nitrogen tetroxide . 

. . . . 14 

32 = 4X8 

Nitrogen pentoxide . 

. . . .14 

40 = 5X8 


These five compounds of the same elements united in different proportions 
form a series of substances so weU marked and contra- distinguished that 
it is (questionable if the most acute human intellect would ever have guessed 
that they contained the same constituents. Starting from the compound 
with the least oxygen, we see that for every 14 grams of nitrogen, the 
amount of oxygen increases by steps of 8 grams. Accordingly, in all. five 
compounds of nitrogen and oxygen, the masses of nitrogen and oxygen are 
to one another as m X 14 : u x 8, where m and are whole numbers. 
Hundreds of cases equally simple might be cited. Similar facts led 
J. Dalton (1802-4) to the generalization now called the law of multiple 
proportions : when one substance unites with another in more than 
one proportion, these difierent proportions bear a simple ratio to one 
another. 

There is no difficulty in tracing the “ simple ratio m: ti in the cases 
wffiich precede, but it is not always easy to detect the simplicity of this 
ratio in perhaps the larger number of cases. For instance, the ratio 
m : n for compounds of carbon and hydrogen passes from 1 : 4 in 
methane, up to 60 : 122 in dimyricyl, and stiU more complex cases are 
not uncommon. Still, the law’ is considered to be so well founded that it 
can be apj)iied to predict the composition of compounds which have never 
been prepared. Thus, if an oxide of nitrogen containing rather more 
oxygen than nitrogen pentoxide be made, we may predict that it will con- 
tain 6 X 8 = 48 parts of oxygen for every 14 parts of nitrogen by weight. 
Again, if a substance be found to contain oxygen and nitrogen, not in the 
pro|)ortion 14 : 8 or a multiple of 8, it is in ail probability a mixture, not 
a true compound. Thus, air contains oxygen and nitrogen, but the pro- 
portions of nitrogen to oxygen is as 14 :,4*29. This is usually given along 
■with other circumstantial evidence to show the probability that air is a 
mixture and not a chemical compound. 

We might easily be led to reason in a vicious circle {in circiilo pro« 
hcmdo) by a rigid application of the so-called multiple proportion law. 
A salt dissolves'in water in aif proportions up to. a certain limiting value. 
The process of solution, in some cases, seems to be otherwise indistinguish- 
able from chemical combinatiQu. _JtTs som^iines^S^ thafe- the process 
of solution cannot 13e a case of ehenaioal combination because there are 
no signs of abrupt per saltum changes characteristic of combination* in 
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multiple proportions. One writer has said ; “ Efforts have been made 
to find coinpGuiids which do not conform to the laws of chemical combina- 
tion, but all attempts have resulted in failure ; ” another has said : “ The 
law of multiple proportions has been tested by the analysis of tliousandB 
of compounds, and, like the law of constant proportions, it is one of the 
perfect ia^vs from which no deviation has been discovered.” It will be 
obvserved that if exceptions to the laws of chemical combination were 
discovered, chemists would refuse to cal! them compounds, and the 
quest for exceptions must therefore end in failure. Wliether a solution 
is or is not a case of chemical action cannot be decided by an appeal to 
the laws of chemical combination; nor can the appeal to experiment 
establish or refute the laws of constant and multiple proportions. More 
bluntly expressed : a prejudice in favour of the generalization in question 
may warj) the judgment to such an extent as to lead to a denial of the 
possibility of contradictory phenomena. Such a perversion of the judg- 
ment must be detrimental to the progress of science. Hence the danger 
of cherishing a blind faith in our so-called “laws of nature ” which are 
often conventional definitions. ((7/. p. 670.) 

§ 8. Richter Law of Reciprocal Proportions. 

After long and painful centuries of eontinuous effort, chemistry has dis- 
covered that the elements oombine with one another in definite and 
unchanging ratios of quantity ; and that, when their compounds are 
decomposed, they yield up those identical ratios. — S. Brown (1843), 

BettFeen 1810 to 1812, J. J. Berzelius published the results of a careful 
study of the quantitative relations of some of the elements. He found that 
100 parts q|^ir 0 n^- 2 SO 4 )arts of copper, and 381 parts of lead are equivalent, 
fo^fh^^^.umte with 29*6 parts of oxygen, forming oxides, and with 68*73 
^^^gW'suiplmr, forming sulphides. Hence, since 58*73 parts of sulphur 
parts of oxygen unite respectively with 381 parts of lead, then, 

' if sulphur and oxygen unite chemically, 68*73 parts of sulphur will unite 
with 29*6 parts of oxygen, or, taking the law of multiple proportions into 
consideration, with some simple miiltiple or submultiple of 29*6 parts of 
oxygen. In confirmation, Berzelius found that in sulphur dioxide, 58-73 
parts of sulphur are imited with 67*46 parts of oxygen. The diilerenee 
between 2 x 29*6 = 59*2 and 57*45 is rather great, but some of the metliods 
of analysis were crude in the time of Berzelius, and very much closer 
approximations — very nearly 1 in 50,{X)0— have been obtained in recent 
years. ^ 

J. B. Richter, some twenty years before Berzelius' work, proved 
that a similar relation held good for the combination of acids and 
alkalies. Berzelius extended Richter’s law ^ to combinations between the 
elements. The above relations are included in the generalization sometimes 
called the law of reciprocal proportions, or the law of equivalent weights. 
The weights — -multiple or submultiple — of the various elements which 
react with a certain fixed weight 'of some other element, taken arbi- 
trarily as a standard, also' react with one another. If two substances, 
A and B, each combines with a third substance C, then A and B 

♦ ^ C. F. Wenzel, 1777, is sometimes Said to' be the father of this generalization. 
This, however, appears to be an historicM error. 

-a '1 r* 
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eaii combine other only in those proportions in wliicli they 

combine with Cs or in some simple multiple of those proportions. The 
laws of constant, multiple, and reciprocal proportions are wonderful 
examples of the beauty and harmony of nature ; and yet, we have hints 
that these are but symbols of a sublimer generalization which, when 
discovered, 

Will make one music as before 
But vaster. ^ 

If a compound be formed by the union of two element s A and B , it is 
only necessary to find the proportion in which a tliird element C unites 
with one of the two elements, s^_ A, to determine the proportionsln which 
C^unites' -with _ B. These numerical relations come out very clearly by 
comparihg the proportions in which the different naembers of a series of 
elements, selected at random, combine with a constant weight of several 
/other elements. Suppose the analysis of a substance shows that its 
! ingredients are not in those proportions 'which we should expect from 
I the known combinations of each of its components with another substance, 
i -we might safely infer that the substance analyzed is a mixture, and not a 
single compound. 


§ 9. Combining, Reacting, or Equivalent Weights. 

Bhice it is already settled for us b 3 ^ custom that quantities of difierent 
substances are to be called equal when or because they are equivalent 
gravimetrically, we have no choice but also, from the chemical point of 
view, to call those quantities of substance equal which interact in single 
chemical changes. — E. Divebs, 1903. 

The following numbers represent the results obtained by the chemical 
analysis of a number of substances selected at random : 


Per cent. Per cent. 

Silicon dioxide .... Silicon 46*93 ; Oxygen 63*07 

Hydrogen ciiloride . . . , Hydrogen 2*76 ; Chlorme 97*23 

Magnesium chloride . . . Magnesium 26*63 ; Chlorme 74*47 

W^ater Hydrogen 11*18; Oxygen 88*81 

Silver chloride .... Silver 76*26 ; Chlorme 24*74 

Silver fluoride. .... Silver 70*06; Fluorine 29*95 


Analyses are generally calculated so that the sum of the constituents, 
all together, is 100 (per cent.) within the limits of experimental error. 
This is simply a convention of the analyst, for the results could be just as 
intelligibiy summed to any other number. Taking any one of the elements 
as a standard, let us calculate what amount of each of the other elements 
will combine with a given quantity of the selected element. To save time, 
take oxygen = 8 as the standard. Starting with silicon, 53'07 parts of 
oxygen are combined with 46*93 parts of silicon. Consequently, we have 
the proportion . 

53*07 : 8 =• 46*93 ; x ; or, X = 7*07 

for silicon w^hen oxygen = 8. 'Similarly, /for water, hydrogen is 1*008 
when oxygen is 8. Again, in hydrogen chloride, when hydrogen is 1-008, 
chlorine is 35*45 ; in silver chloride, silver is'lQ7*88 wheri'cHorine b 35*45 ; 
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when silver is 107*88, fluorine is 19 ; and when chlorine is 35*45, magnesium 
is 12*16, Collecting together the results of these calculations, "vve get 

Oxvfreii Silicon, Hydrogen. Chlorine. Silver, Fluorine. Magnesium. 

V 7*07 'l*008 35*45 107*88 19 12*16 

We have previously obtained a number of results for some metals foi* 
the standard 0 = 8 by a different process, and the number for magnesium 
obtained by an indirect process : Oxygen hydrogen (water) chlorine 
(liydi’ogen chloride) magnesium (magnesium chloride) gives the same 
result vdthiii the limits of experimental error as was obtained by a totally 
different process. Similar results are obtained in all cases, subject, of 
course, to the greater risk of experimental error when a long chain of com- 
pounds is involved. As a rule, there is no need to foUow such aii extended 
series as we have done here for fluorine and magnesium. Most of the 
elements unite directly with oxygen ; and with the other elements, one 
intermediate step usually suffices. 

We are therefore able to deduce the important generalization. The 
combining v.^eight of the elements are specific constants, i.e. they change 
from element to element, but for each element the combining weight is 
fixed and invariable. Otherwise expressed : a number can be assigned 
to each element ; this number — called the combining, reacting, or 
equivalent weight — represents the number of parts by weight of the 
given element which can enter into combination with 8 parts by weight 
of oxygen, or one part by weight of hydrogen. All combining weights 
are relative numbers, and they are conventionally referred to oxygen = 8, 
or hydi-ogen ™ 1. When an element unites with another element in more 
than one proportion, the higher proportions w^ili always be simple multiples 
of the combining weights — one for each element. This is the so-called 
law of combining or reacting weights : when substances enter into 
chemical combination they always do so in quantities proportional to 
their combining weights. 

If the combining weights of the elements are fixed, as they undoubtedly^ 
are, and since the elements can combine to form compounds %vhich, in turn, 
can form compounds with other elements and with one another, it follows 
that the compounds themselves also have combining weights ;iif they also 
can enter into chemical combination. Hence the so-called law of com- 
pound proportion — ^the combining weight of a compound body is the 
sum of the combining weights of its components. This deduction from 
the law of combining weights is as firmly established experimentally as 
the law of combining weights itself. The neutralization of acids by bases, 
and numerous chemical reactions, can be cited in illustration. 

The experimental results stated on p. 21, Table I,, raise the suspicion 
that there is a difference beftveen chemical and gravitational equality^ In the 
latter, equal quantities of the different forms of matter are represented 
by equal weights ; whereas, in a chemical sense, equal quantities of matter 
are the weights or masses of different forms of matter which unite with one 
another chemically. Consequently,. chemi(?al union may be regarded as 
a measure of the amounts of the different forms of matter which are 
ehermcally equivalent. Chemical equality is thus as clearly defined as 
gravimetric equality. The fomer is a measure of chemical and the 
latter a measure of physical phenomena i the latter is wholly independent 
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of, and the former mainly dependent upon, the nature of the substances 
compared. . ■ ' 

§ 10. The Law of the Perdurability of Matter. 

The amiiliilatioii of matter is unthinkable for the same reason that the 
creation of matter is unthinkable, the reason namely that nothing cannot 
be an object of thought. — S penceb. 

It win be remembered that Lavoisier (1774) heated tin with air in a 
dosed vessel and found that the weight of the whole system, before and 
after the calcination of the tin, was the same, thus showing that the whole 
system had neither gained nor lost in weight. This experiment is men- 
tioned because it emphasizes, very well, the fact that in spite of the most 
painstaking care, every time all the substances taking part in a chemical 
reaction are weighed before and after the change, there is no sign of any 
alteration in the quantity of matter. This fact is sometimes called the law 
of the indestructibility of matter. As Democritus has said, nothing can 
never become something, nor can something become nothing — ex 7iihilo 
nihil fit, et in nihilum nihil potest reverti. The principle of the indestructi- 
bility of matter was tacitly assumed by many old investigators. A. L. 
Lavoisier is generally supposed to have first demonstrated the law in 1774 
by experiments like that cited above, but the law was definitely enunciated 
in 1756 by M. W. Lomonossoff, and the law must have been at the back 
of J. Black’s mind when he worked on the alkaline earths (q^v.) in 1755. 

The chemist’s law of “ the indestructibility of matter ” really means 
that the total weight of the elements in any reacting system remains con- 
stant through all the physical and chemical changes it is made to undergo. 
The observed facts are better generalized as the law of persistence of 
weight ; no change in the total weight of all the substances taking 
part in any chemical process has ever been observed. If A and B 
represent respectively the weights of two elements which take part in a 
chemical reaction, producing the weights M and N of two other substances, 
the law of persistence of weights states that A + B = M + N where 
“ -r ” means together with,” and “ produces. If the weight of one 
of these four substances be unknovm, it can he computed by solving the 
equation. Chemists constantly use this principle in their work; for, 
as Lavoisier said : “ Experiments can be rectified by calculations, and 
calculations by experiments. I have often taken advantage of this method 
in order to correct the first results of my experiments, and to direct me 
in repeating them with proper precautions.” 

When faith in magic was more prevalent than it is to-day, many believed 
that by some potent incantation or charm, matter could be called out of 
notliingiiess, or could be made non-existent.^ Superficial observation 
might lead to the belief that a growing tree, the evaporation of w’ater, 
and the burning of a candle prove the creation and the destruction of 
matter, but a careful study of these and inmmierable other phenomena, 

^ H. Spencer considers that all the so-called experimental proofs by weighing 
tacitly assume the object being proved, since weighing implies that the matter 
forming tho weights remains relatively mohanged hr quantity ; or, as H. S 
Redgi’ove pointed out, weight measm-es matter because matter is indestructible, 
and matter is indestructible because weighk.measuires- matter. 
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lias shown that the apparent destniction of matter is an iJlusion, Matter 
nia,Y change its state as when liquid water is vaporized, and when a candle 
is burnt. In the ease of a growing tree, the nutrition the tree receives 
from the soli and from the air (carbon dioxide) is overlooked. Eig. 7 
illustrates an instructive experiment which is commonly used to show that 
the apparent destruction of matter in the burning of a candle is illusoiy. A 
candle, A. is fixed on one pan of a balance below a cylinder B. A piece of 
coarse wire gauze, 0, is fixed in the lower part of the cylinder B, The 



Fig. 7. — Apparent Increase in Weight during Combustion 
(after H. E. iloscoe and C. Schorlemmer). 

wire gauze supports a few lumps of quicklime ^ on which rests a mixture 
of granulated soda lime and glass wool — ^the latter to prevent the soda 
lime clogging the tube, Wei^ts are added to the right scale pan until 
the beam of the balance is horizontal. The candle is lighted. The gases 
rising from the flame pass through the cylinder B — and the products 
of combustion are absorbed by the soda lime. In 3 or 4 minutes the 
pan carrying the candle is depressed as illustrated 
I j j ^ in the diagram. The increase in weight is due to 

Ji| the fixation of the products of combustion by 

11 formed by the combination of the carbon and 
^ candle with the oxygen of the 

\W ^ air. The oxygen of the air was not weighed in 
Fig. S.—Laiidolt’s Tube, the first weighing. 

Every time a chemical reaction takes place in 
a closed vessel, which permits neither the egress nor the ingress of matter, 
the total weight remains unchanged within the limits of experimental error. 
The more carefully the experiments are made, the more nearly do the values 
approach identity. Both A, Heydweiller (1901) and H. Landolt (1893) 
have tiled to find if a loss in weight occurs during chemical action. Their 
experiments may be illustrated by introducfng a solution of silver nitrate 
into one limb of the A'Shaped tube Fig. 8, by means of the funnel 
and a solution of potassium chromate in the other limb. The tube is then 
weighed and iilted so as to mix the solutions and start the reaction. There 
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is 210 difference in the weight of the tube, before and after the reaction, 
witliin the limits of the experimental error : ± 0*000030 gmi. In Landolt’s 
experiments the opening of the tube B w^as sealed up before the solutions 
were mixed. Other pairs of solutions are : a solution of potassium iodate 
slightly acidiilated with hydrochloric acid and potassium iodide ; lead 
acetate and sodium sulphide ; acidulated potassium chromate and sodium 
sulphite, etc. After an examination of fifteen different reactions, Landoit 
(1909) failed to detect a variation in weight, and “ since there seems no 
prospect of pushing the precision of the experiments further than the degree 
of exactness attained, the experimental proof of the iaw^ may be I'egarded 
as established.” The law of the persistence of weight can thus be stated : 
A variation in the total weight of the substances taking part in 
chemical reactions, greater than the limits of experimental error, 
has never been detected. 

It is quite conceivable that the weight of the iron in, say, magnetic 
oxide of iron might appear to be greater than the same amount of iron 
in, say, potassium ferrocyanide, because of the effect of the earth’s magnetic 
field upon the former. But if such an effect were observed, it would not 
interfere with our faith in the law as soon as the disturbing effect was 
recognized.. 

§ 11. The Atomic Theory. 

It seems probable to me that God in the beginning formed matter in solid, 
massy, hard, impenetrable, movable particles, of such sizes and figmes, 
and mtli such other properties, and in such proportion to space, as most 
conduced to the end for which He formed them ; and that these primitive 
particles, being solids, are incomparably harder than any porous body 
compounded of them, even so very hard as never to wear or ]:)reak in 
pieces ; no ordinary power being able to divide what God Himself made 
one in the first creation. . . . The changes of corporeal things are to foe 
placed only in the various separations and new associations and motions 
of these permanent particles. . . . These principles I consider not as 
occult qualities, but as general laws of nature by which the things them- 
selves are formed ; their trath appearing to us by phenomena, though 
their causes be not yet discovered. — I saac Nuwtox. 

The four laws of chemical combination : (1) the persistence of tveight ; 
(2) the law of constant composition ; (3) the law of multiple proportions ; 
and (4) the law* of reciprocal proportions, summarize observed facts. They 
exist quite independently of any hypothesis we might devise about their 
inner meaning ; but we have an intuitive feeling that there must be 
some peculiarity in the constitution of matter which will account for the 
facts. 

An atom is the unit of chemical exchange. — Chemists in imagination 
have in^^ested inatter with a granular structure. Matter is supjposed to 
be discrete, and built up of corporeal atoms. The imagination can sub- 
divide inatter indefinitely ; the chemist says that however true this may 
be, nothing less than an atom ever takes part in a chemical reaction. The 
atom is the limiting size so far as chemical combination is concerned. An 
atom cannot be subdivided by any kiiown chemical process. What A. 
Kekule wrote in 1867 applies equally well. to-day, in spite of some interest- 
ing though aboitive attempts to eliminate atoms from chemistry. Should 
the progress of chemistry lead to a different , view of the constitution of 
matter, it will make little alteration td; the chemist’s atom. The chemical 
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atom wil always remain the chemist’s unit. As a chemist,” wrote 
I-^ekule, ' “ I belieYe that the. assumption of atoms is not, only , advisable 
' -hut: absolutely necessary -provided that the term be understood to denote 
. those, particles of" matter which, undergo no further division, in chemical 
transformations.” ' 

, Gom.pare this hypothesis with observation. Fix the attention' on the 
facts : Elements combine with one another either in amounts which 
correspond with their combining weights (law of constant composition), or 
with multiples of theii* combining weights (law of multiple proportions). 
Otherwise expressed, definite amounts of matter — the atoms — corre- 
sponding with the combining weights act as chemical units. Reactions 
between different elements are reactions between these units. Atoms 
of the same element all have the same constant weight,^ and atoms 
of different elements have different combining weights. Ail this is In 
agreement with the law of constant combining weights. 

Fractions of an atom do not take part in chemical changes.— The 
proportions in which one element combines with another can alter only by 
steps one atom at a time. 1, 2, 3, • , . atoms of one element can combine 




y 'ij- y- i with 1, 2, 3, . . . atoms of another 

— element. This is but one way of 
stating the laws of multiple and 
reciprocal proportions. The weight 
an atom of each element is a 
ZZpiIZI-- constant quantity, and therefore 

ZIIZIZIIZ, elements can only combine with 

each other in certain constant 
_ i ,i J ,. i„LL U proportions or in multiples thereof. 

$% % % The atoms of the elements are 

Fig, 9.— Law of Multiple Proportions, the units from which nature has 

fashioned all the different varieties 
of matter in the universe. One atom of mercury unites with one atom 
of oxygen to form mercuric oxide. If two atoms of mercury united with 
one atom of oxj^gen, the result would not be mercuric oxide, but some 
other oxide of mercury — if otherwise, the law of constant composition 
would be false. As a matter of fact, such a compound is known, but 
it is mercurous oxide. Mercurous oxide has its own specific properties 
which are different from those of mercuric oxide. We thus adopt the 
view of J. B. Dumas and of M. Faraday that “ whether matter be atomic 
or not, this much is certain, granting it be atomic, it would behave in 
chemical transformations as it does now.” 

The law of multiple proportions. — The idea embodied in this law 
can be neatly illustrated by means of squared paper. Let the abseissce, 
Fig. 9, represent weights of oxygen, and the ordinates weights of nitrogen 
which enter into combination with the oxygen. If, for convenience, we 
take oxygen = 16, and nitrogen == 14 as standard weights for the respective 
atoms, the known unary and binary compounds of these elements appear 
at the points of intersection of lines representing 14, 28, 42 . , . parts 


^ It might here be added that Crookes (.1887) found it expedient to assume 
as a working speculation that the atoitns of the element yttrium “ differ probably^- 
in weight, and certainly in the. internal motions they undergo. ’’ There is, however, 
a proof of this in the existence of the .so-called isotopes discussed later on« 
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, by weight of nitrogen, and 16, 32, 48 . . . parts by weight , of ' oxygen. 
Let the symbol N represent one atom of nitrogen; Hg? 
nitrogen, etc. ; and let 0 represent one atom of oxygen, Og, two atoms 
of oxygen, etc. Then the symbol NgO, NO, etc., may be used to represent 
compounds containing the indicated number of atoms of each element. 
The known compounds of these two elements are represented by symbols 
“ o ” in the diagram. If the law of multiple proportions perfectly describes 
nature’s modwa opeTand% and no other disturbing infiuence be at work, 
we can represent possible, ^ but yet undiscovered, compounds of nitrogen 
and oxygen by points # ” ; and compounds representable by the inter- 
mediate positions in the diagram are impossible. Hence air, whose com- 
position is represented by the cross “ x ” in the diagram, is not a ciiemicai 
compound. 

Atomic weights are relative. — ^We can express the combining weights 
of the atoms in terms of any unit we please ; it is quite immaterial 
whether a gram or a ton be imagined. In dealing with combining or 
atomic weights, the conception of absolute quantity is quite irrelevant. 
Given sufficient oxygen, IGO tons, kilograms, pounds, grams, or grains of 
mercury will give 108 tons, kilograms, pounds, grams, or grains, respec- 
tively, of mercuric oxide—no more, no less. We do not know the actual 
weights, but we do know the relative weights. The indirect estimates 
which have been made show that the weight of an atom of hydrogen is not 
far from 12*8 x 10-^° milligram. Accepting this estimate, the Table of 
Atomic Weights enables the weight of an atom of any other element to be 
caiculated. Thus, the chlorine atom weighs 35 *5 x lO-^® X 12 ’8 mgrm. 

The history of the atomic hypothesis. — The ancient philosophers of 
the East — India, Greece, Italy, etc. — ^made many quaint guesses at the 
constitution of matter. Among these guesses, we find one taught by 
Kanada (the founder of a system of Hindu philosophy) long prior to the 
rise of Grecian philosophy. The same guess was made by Democritus, 
Leucippus, and Lucretius, and their guess lives, more or less modified, in 
modern chemistry. These philosophers seem to have taught : (1) matter 
is discrete ; (2) all substances are formed of atoms which are separated 
from one another by void space ; (3) the atoms are in constant motion ; 
and (4) motion is an inherent property of the atoms. The atoms -were 
supposed to be too smaU to be perceived by the senses, and they were 
further supposed to be eternal, indestructible, and unchangeable. Atoms 
difiered from each other in shape, size, and mode of aixangement, and the 
properties of all substances were supposed to depend upon the nature 
of the constituent atoms and the way the atoms were arranged. So far 
as the experimental evidence available to the Grecian philosophers in 
support of this particular guess is concerned, its long life — ^in the form oi 
the chemist’s atomic theory — can only be attributed to chance. The 
modern theory, unlilce the old speculation, is based upon the observed 
laws of chemical change, and it cannot stand apart from them. 

Many thinkers — Francis Bacon, Rene Descartes, Pierre Gassendi, 
Robert Boyle, Robert Hooke^ John Mayow, etc. — ^were more or less partial 

3- The symbols in brackets in the diagram represent compounds which we are 
not so sure about. It is also conceivable that at some future time it may be 
necessary to extend the diagram upwards and to the right. A similar diagram 
for the compounds of carbon and hydrogen indicates scores of known compounds. 
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to a theory of atoms. Isaac Newton (1675) tried to explain Boyle's law" 
on the assumption that gases were made up of mutually repulsive par- 
ticles ; and the above quotation shows that he also referred chemical 
changes to different associations of the atoms. M. W. Lomonossoff, 
also, had a fairly clear concept of the atomic structure of matter in 1748 ; 
•while Bryan Higgins (1776) and William Higgins (1789) explained the 
constant composition of salts, with more or less confidence, in terms 
of the atoms. Bryan Higgins appears to have held the view that tv"o 
different atoms combine in the proportions of 1:1, and in that pro- 
portion only ; while William Higgins imagined a combination in multiple 
proportions, but believed that the combination 1 : 1 was the most stable. 

Dalton's atomic hypothesis. — It is thus impossible to say who invented 
the atomic theory, because it has grown up with chemistry itself. In the 
work of William Higgins the hypothesis w"as little more than an inanimate 
doctrine. It remained for Dalton to quicken the dead dogma into a 
living hypothesis, Joim Dalton (1801) emplo^^ed the atomic hypothesis 
to explain, the diffusion of gases, and later (1803) based an hypothesis of 
the structui'e of matter and of chemical combination upon the following 
postulates, -which may be regarded as a very brief statement of the so- 
called Daltons atomic theory : 

1. Atoms are real discrete particles of matter w^hicli cannot be subdivided 
by any know’ll chemical process. 

2. Atoms of the same element are similar to one another, and equal in weight. 

3. Atoms of different elements have different properties — weight, affinity, etc. 

4. Compounds are formed hy the union of atoms of different elements in simple 
numerical proportions — 1 : 1 ; 1:2; 2:1; 2:3; etc. 

5. The combining weights of the elements represent the combining -weights of 
the atoms. , , 

The hypothesis of Dalton respecting atoms, and more particularly 
atomic -weights, is not quite that which prevails in modern chemistiy. 
John Dalton considered the atom to be indivisible, and this is expressed 
in his aj)honsm : ‘‘ Thou knowest no man can split an atom.” T, 
Graham defined the atom not as a thing ivhich cannot be divided but as 
one -which had not been divided. The modern idea is that "while the 
atom is perdurable in chemical changes it may be and probably has been 
resolved into component parts. A formidable meta-chemistry has been 
elaborated, and is wholly based on the assumption that an atom is a 
complex system of sub -atoms or electrons. 

The defect in Dalton's atomic theory. — According to the atomic 
theory : an atom is the smallest particle of an element which can enter 
into or be expelled from chemical combination. ^ How is the “ smallest 
combining weight ” of an atom to be fixed ? In carbon monoxide, for 
example, we have oxygen and carbon in the following j 3 roportions by 
weight : 

Oxygen : Carbon = 8:6 

and ill carbon dioxide 

Oxygen ; Carbon =^8:3 

^ If we think of the deiivation of the -word utow— “from the Greek d, not ; 
re/xvct) {teinno), I cut — ‘ Hhat^ which ! cannot be subdmded,” we must add 
ehemiealiy.’^ But our definition, of the atom says nothing about subdivision ; 
nor about the ultimate nature of .the atom. The term “ atom, ” was once used 
to represent the smallest interval of time,” a moment.” 
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is the atomic weight of' carbon if 'the atomic weight of oxj'gen is 8 ? 
Obviously, the evidence noiv before ns would be consistent with many 
different views. Carbon monoxide may be a compound of one oxygen atom 
with two carbon atoms each with a combining weight of 3 ; or a compound 
of one oxygen atom with one carbon atom with a combining weight of 6. 
Ill the latter case, carbon dioxide is a compound of one carbon atom com- 
bining weight' 6 with two oxj^gen^ atoms, and the same combining weights 
would have been obtained if any number n of carbon atoms w'ere combined 
with'2«^ oxygen atoms. Similar difficulties arise when w^e apply the idea 
of atoms so far developed to other combinations of the elements. There 
is, therefore, some confusion. The concept of the atom becomes more or 
less indistinct and vague when the attempt is made to develop a con- 
sistent sjT'stem on the basis of the atomic hypothesis as propounded by 
Dalton. Dalton’s theory is defective because it lacks a standard for 
fixing the atomic weights of the different elements. 

It may be perfectly true, as Lord Kelvin has pointed out, that ‘‘ the 
assumption of atoms can explain no property of a. body wdiich has not 
previously been attributed to the atoms,” but the assumption has none 
the less proved an invaluable aid in forming mental concepts of the different 
phases of a chemical reaction ; and it has enabled chemists to successfully 
anticipate the results of experimental research.' A. E. A. Smith said in 
1884 : We believe in atoms because, so fa,r as we can see, nature uses 
them.” The greater the number of facts consistently explained by one 
and the same theory the greater the probability of its being true. 
The overwhelming mass of circumstantial evidence, direct and indirect, 
which modern chemistry and ph 3 ^sics offers, has justified the faith of 
Dalton ; and demonstrated the existence of veritable atoms. Still further, 
in the concluding chapters of this work, evidence -will be indicated which 
sho^vs that the atoms have a complex structure. 

§ 12. The Language of Chemistry. 

However certain the facts of any science, however just the ideas derived from 
these facts, we can only communicate false or imperfect impressions to 
others, if we want woids by which these may be properly expressed. — 
A. Xj. Lavoisier. 

The nomenclature of a science, that is, the group of technical terms 
peculiar to that science, is of vital importance. It is virtually impossible 
to separate the nomenclature from the science itself. Lavoisier emphasized 
the importance of this in his classical TraiU Mementaire de Chimi'e (1789). 
Every science consists of tliree things : (1) the facts which form the ■ 
subject-matter; (2) the ideas represented by those facts; and (3) the 
words in which those ideas are expressed. “ Like three impressions of 
the same seal, the word ought to produce the idea ; and the idea ought 
to be a picture of the fact.” 

Special technical words are employed to fix and describe the ideas and 
principles of chemistry — as of all other sciences ; and words are borrowed 
from colloquial everyday language, and psed wdth a specific meaning. 
In any case technical terms should be precise and clear, and not tainted 
with ambiguity and vagueness. Such technical terms form part of the 
current language of chemistry. Words with a variety of meanings are a 
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prolific source of error and confusion, and they have thus provoked iiiimher- 
iess controversies. Specially invented terms are less liable to misappre- 
hension than terms adapted from current words. However strange the 
terms may appear at first, they soon grow familiar to the ear, and they 
can then be used without effort. W. Whewell has pointed out, very aptly, 
that “technical terms carry the results of deep and laborious research. 
They convey the mental treasures of one period to the generations that 
foMow, and laden with this, their precious freight, they sail safely across 
the gulfs of time in which empires have suffered shipwreck, and the 
language of common life has sunk into oblivion ’’—witness : some of the 
terms used ill the chemistry of to-day were coined by the early Arabian 
chemists— alcohol, alkali, borax, eibjir, etc. 

Naming the elements.— A great number of the elements have been 
cliristened with names derived from Greek roots. JS.g,, iodine— imm its. 
violet vapour; chlorine— ivom its green colour; chromium. — from the 
colour of its compounds ; rhodium — “from the rose colour of its salts ; 
osmium — ^from its smell ; helium— iiom its occurrence in the sun ; argon 
—from its indifference to chemical reagents, etc. Other eiemeiits have 
been named more or less capriciously ; thus some elements are named 
after particular loesdities— strontium, from Strontian (in Scotland) ; 
ruthenium, from Rutheiiia (Russia); yttrium, ytterhium, erbium^ BJid 
terbium, are all derived from Ytterby (in Sweden) ; palladium is a name 
given in honour of the discovery of the planetoid Pallas ; uranium in honour 
of the discovery of the planet Uranus ; beryllium is derived from the name 
of the mineral beryl ; zirconium, from the mineral zircon ; platinum, from 
the Spanish “ plata,” silver ; victorium, from Queen Victoria ; thorium, 
from “ Thor,” the son of Odin, a god in Scandinavian mythology ; 
vanadium, from a Scandinavian goddess, Vanadis ; tantalum., from 
Tantalus in Grecian mythology; and niobium, from Niobe, daughter 
of Tantalus. 

Symbols. — ^The old alchemists used to represent different substances 
by symbols. Eor example, gold was represented by the symbol O or ^ , for 
the sun ; silver, by ( , the moon ; etc. Lavoisier used the symbol ^ for 
water ; for oxygen ; etc. Dalton made a step in advance by represent- 
ing the atoms of the elements by symbols, and combining these symbols so 
as to show the elements present in a compound. Thus, O represented 
hydrogen; Q oxygen; H carbon; etc. Water was represented by 
OO J carbon monoxide by Q# J carbon dioxide by 0®0 J otc. These 
symbols have all been abandoned. They are too cumbrous. To-day 
we follow J. J. Berzelius’ method, suggested in 1811, and use one or 
two letters from the recognized name of the element to represent, 
any particular element.^ Thus, 0 represents oxygen; H, hydrogen; 
C, carbon ; N, nitrogen ; Cl, chlorine ; etc. The names of ten elements 
start with C, and to prevent the possibility of confusion, a second leading 
letter is selected either from the name, or from the alternative Latin 
name of the element. Thus, C (carbon), Cb (coiumbium), Ca (calcium), 
Cd (cadmium), Ce (cerium), Cl (chlorine), Co (cobalt), Or (chromium), 

^ Unfortunately some elements have not yet been christened with a name 
recognized by all. Niobium — symbol Nb— and coiumbium — symbol Cb— are two 
different names for one element ; glueinum — symbol Cl — and beryllium — symbol 
Be — are two different names for another element. 
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Cs (cesium), and Cu (cuprum, copper). The elements with alternative 
Latin names are symbolized : Sb for antimony (Lat. stibium) ; Cii for 
copper (Lat. cuprum) ; Au for gold (Lat. aurum) ; Pe for iron (Lat 
ferrum) ; Pb for lead (Lat. plumbum) ; Hg for mercury (Lat. hydrargy- 
rum) ; K for potassium (Lat. kaiium) ; Na for sodium (Lat. natrium) ; 
and Sn for tin (Lat. stannum)." 

The evolution of chemical nomenclature. — Up to near the close of 
the 18 th century, no systematic attempt had been made to name chemical 
substances in such a way as to indicate their composition. The names 
then in vogue were more or less arbitrary, for they were relics of alchemical 
terms — e.g. crocus martis — or derived from their disco verer-~~e.p. Glauher^s 
salt— or. based on some superficial resemblance furnishing what J. B. 
Dumas called the language of the kitchen. Thus, antimonous chloride 
was called butter of antimony because of its buttery appearance; zinc 
cliloride, butter of zinc; and arsenic chloride, butter of arsenic. These 
three substances were classed together with butter from milk. Similarly 
with oil of vitriol, olive oil, etc. ; spiiits of wine, spirits of salt, etc. T. 
Bergman and G. de Morveau simultaneously and independently attempted 
to devise a more complete system of naming chemical compounds. A. L. 
Lavoisier presented a report to the French Academy and terms like “ ic ” 
and “ ate,” “ ous ” and “ ite ” were employed. J. J. Berzelius followed 
up the subject, and inaugurated the system which is virtually that 
employed to-day. 

Naming the compounds. — Each element forms with other elements a 
group of compounds w^hich are said to contain the respective elements, 
because the elements in question can be obtained unchanged from the com- 
pounds. Consequently every compound has an elementary or ultimate 
composition. Compounds are symbohzed by joining together the letters 
corresponding with the different elements in the compound. Thus, HgO 
represents mercury oxide, a compound of mercuiy and oxygen. When 
only tw’O elements are united to form a compound, the name of the second 
element is modified so that it ends in ide. 

The symbol for the element also represents one of its atoms. If 
more than one atom is present in a compound, a small figure is appended 
to the bottom ^ right-hand corner of the symbol for an atom of the element, 
to indicate the number of atoms present. Thus “ HgO ” represents a 
molecule of -water, i.e. a compound containing two atoms of hydrogen 
and one of oxygen ; “ CO ” represents a molecule of carbon monoxide 
— a comxDOund containing one atom of carbon and one atom of oxygen ; 
“NagCOs” represents a molecule of sodium carbonate — a compound 
containing two atoms of sodium, one atom of carbon, and three atoms 
of oxygen. A letter affixed in front of a group of symbols represents 
the number of times that group occurs in the given compound. Thus 
crystallized sodium carbonate is symbolized: NagCOg.iOHgO. This 
means that this compound contains the equivalent of one NagCOg, and 
ten equivalents of the group HgO. . 

Compounds of one olem^t with oxygen are called oxides, and the 
process of combination is called oxidation. When an element forms 
more than one oxide, a Greek numerical suffix is often prefixed to the 
word “oxide.” Thus, SOg is sulphur: dioxide ; SO3, sulphur trioxide; 
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GO, carbon monoxide ; CO 2, carbon dioxide ; PbO, lead monoxide; 
PbO 2, lead dioxide or lead peroxide. 

Some of the commoner prefixes are : 



.I'' 

'2 

3 

■ \ ' 4 .; 

,'5' 


Latin . ■ . 

. .. Uni-' ' 

Bi- 

Ter- 

Quadri- 

Quinque- 

•Sexa- ' 

Greek. . 

, Mono- 

Bi- 

Tri- 

Tefcra- 

Penta- 

Hexa- 


■ 7, 

8 

9 

10 

li'" . 

12 

Latin 

, Septa- 

Octo- 

Hovem- 

Decern - 

Undecem- 

Duo decern- 

Greek . 

, Hepta- 

Octo- 

Ennea- 

Deka- 

Endeka- 

Dodeka- 


Half One- third One-foiu-th One -fifth Whole Equal Many 

Latin . Semi- trita , tetrita pentita Omni- Equi- Multi- 

Greek . Hemi- Hoio- Homo- Poly- 


It is considered bad style to mix Latin and Greek root words and pre- 
fixes. Consequently we usually try to keep Greek with Greek, and Latin 
'vtdtli Latin. Thus, we say diatomic,” not ** biatomic ” ; bimoieoiilar,” 
not “ dimoiecuiar ” ; “ bivalent,” not “ divalent ” ; and bivariant,” not 
“ divariant ” ; because atomic ” is derived from a Greek word, while 
“ molecular,” “ variant,” and “ valent,” are derived from Latin words. 
There are, however, many hybrids universally recognized ; e.g. milli- 
metre, centimetre, etc. I^Iono valent, divalent, etc., are also used at times 
ill spite of their hybrid character. We cannot, therefore, always be 
“ -purists ” without defying custom, which, as Horace has said, decides the 
language we must use. 

Sometimes the termination -ic is affixed to the name of the metal 
for that oxide which contains the greater proportion of oxygen, and -ous 
for the oxide containing the lesser proportion of oxygen. ^ For instance, 
SnO is either stannous oxide, or tin monoxide ; FeO is feiTOiis oxide ; 
and Fe^Og ferric oxide. The last-named method of naming the compounds 
is not always satisfactory when the elements form more than two com- 
pounds. To get over the difficulty, a prefix hypo- (meaning “ under,” or 
‘‘ lesser ”) is sometimes added to the compound containing the least, and 
per- (“beyond,” “above”) is added to the one with the most oxygen. 
Thus, 


Persulphuric acid .... H^SoOg Perchloric acid ..... HOiO.j 

Sulphuric acid H^SO^ Chloric acid HCiOg 

Sulphurous acid .... HgSOg Chlorous acid ..... HC10.> 

Hyposulphurous acid . . . HgSgO^ Hypochiorous acid .... HC!0“ 


The five nitrogen oxides — nitrogen monoxide, dioxide, irioxide, 
tetroxide, and pentoxide — would be awkwardly named by this system. 
Oxides like alumina — AigOg ; ferric oxide — FcgOg, etc., are sometimes 
called eesquioxides (Latin, sesqui, one-half more). 

The nomenclature of inorganic chemistry is thus based upon the 

^ For historical reasons, the names of some compounds do not conforin to this 
system because the affix io was assigned to the compound first discovered, and 
the compounds subsequently discovered ivere nalned accordingly. 

2 The oxides can be roughly divided into two classes, Some oxides, with 
water, form acids, and others act bases, . It is not very easy, at tiiis stage of our 
work, to draw a sharp line of demarcation between the two. The mldic oxides 
have a sour taste, and turn a solution of blue litmus red | the basic oxides turn a 
solution of red litmus blue, and have;a soapy 'feel* 
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principle that the different compounds of an element with other elementc 
can be named by a simple change in the beginning or termination of the 
word— witness ferric and ferrous oxides ; and also by the addition of a 
numerical suffix showing the relative number of atoms of the correspond- 
ing element in its cosnpounds. These little artifices, apparently trivial, 
are reallj^- important advances in the language of chemistry. The method 
has some defects, but when the necessity for a modification becomes 
acute, it will probably not be difficult to change. Language generally 
lags in the wahe of progress. 

Questions. 

In tlie questions appended to this and subsequent chapters, I have omitted 
direct “ quiz ” questions such as, “ What is the symbol of hydrogen ? ” “ How 

is hydrogen prepared ? ” etc. Questions of this kind have a certain value in 
revision work, and good sets will be found in the brochure published as an 
Appendix for Xewth’s Inorgaixie Chemistry ” ; in H. P. Talbot’s “ Study 
Questions — Inorganic Chemistry and Qualitative Chemical Analysis ” and in 
F. Jones’ “ Questions on Chemistry.” Most of the questions here reproduced 
involve a little thought or work of comparison, and they will accordingly serve 
to emphasize special features which different examiners have thought to be 
important. Socrates long ago demonstrated the value of cpxestions as an auxiliary 
in clarifying haz5^ notions. 

1. Matter is said to be indestructible ; what does this mean ? What evidence 
is there that this is so ? — Science arid Art Dept, 

2. When substances are brought into contact, how would you know whether 
they acted chemically on one another, or simply remained mechanically mixed ? 
Describe minutely in illustration the combination of any two elements. — Oxford 
Junior Locals, 

3. Distinguish as clearly as you can between changes in matter which are 
classed as chemical and those classed as physical. Which of the following do 
you think are chemical, and which are physical : {a) freezing ice cream ; (6) 
souring milk ; (c) burning a candle {d) distilling water ; (e) magnetizing iron J 
{ / ) electrolysis of a solution of copper sulphate ? 

4. Give a brief outline of the atomic theory, together with its history. — 
Princeton Univ.^ U,S.A, 

5. Show how the facts summarized in the law of multiple proportions are 
explained by the atomic theory. Two oxides of a metal M contain respectively 
22-53 and 30-38 per cent, of oxygen. If the formula of the first oxide be MO 
what mil be that of the second ? — SheJ'ield Univ. 

6. In what relations do the elements stand to other single homogeneous 
substances, and such substances to other natural or artificial objects ? Refer 
for illustration to quicksilver, water, gunpowder, a piece of granite, an orange, a 
picture. — New Zealand Univ. 

7. State the law of multiple proportions. How would you proceed to prove 
the law experimentally ? — Aberystwyth Univ. 

8. John Dalton expressed and helped to establish the law of multiple pro- 
portions, and he also proposed an atomic theoiy. Explain why one of these 
contributions to chemical science was classed as a law while the other was not. — 
American Coll. 

9. Define the Laws of Definite and Multiple Proportions. Show how the 
following analyses of three oxides -of nitrogen illustrate the Law of Multiple 


Proportions : — 


A. 

B. C. 

Nitrogen 


. 63-65 

46*68 25*94 

Oxygen . 

« 

. 36-35 

53*32 ^ 74-06 

Victoria Vniv,^ Marnchester. 


10. Define a chemical change. Give instances of chemical changes occurring 
in nature. Describe experiments which show that matter is not lost in cMmical 
changes . — Owens Coll. 
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11. Amplify tlie quotation : “ Before everything a man of science should aim 
at being definite, clea,r, and accurate. ” 

12. Describe in detail h.o'w you would separate the constituents of ordinary 
black gunpowder, and ascertain the percentage in the mixture of each constituent. 
— St. Andrews Xdniv,.. 

13. Criticize the experiment illustrated by Fig. 7 and pomt out where the 
result is inconclusive, and what would you suggest to overcome the objection ‘t 
Hint; Note that soda -lime and quicklime increase in weight by mere exposure 
to atmospheric air,' 
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Water and Hydrogeh 

§1. Hydrogen — Preparation and Properties 

TCee attention of the early workers on chemistry was mainly directed 
to visible and tangible liquids and solids, while the “ spirits,’’ 't fumes,” 
‘‘vapours,” “airs,” or gases, which escaped when certain substances 
reacted, were considered to be unwholesome effluvia, and were best avoided. 
To-day, a great deal of the student’s time is occupied with the imperceptible 
and intangible gases ignored by the early workers. The study of gases 
began to occupy serious attention towards the end of the 18th century, 
so that, in 1779, although only eight were certainly known with respect 
to their composition, T. Bergman could complacently write : “ During 
the last ten years, chemistry has not only soared into regions of invisible 
aerial substances, but has dared to explore the nature of these substances 
and to search into their constituent principles.” 

History. — It has been knovui for a very long time that an air or gas is 
produced when iron is dissolved in dilute sulphuric acid. T. B. Paracelsus, 
in the 16th century, described the action somewhat quaintly. He said 
that when the acid acts on iron “ an air arises which bursts forth like 
the wind.” J. B. van Heimont (c. 1609) described this gas as a peculiar 
variety of air which was combustible and a non-suppoider of combustion, 
but his ideas were somewhat hazy, for he confused hydrogen with other 
gases, like methane and carbon dioxide, which do not support combustion. 
Priestley, and writers generally up to about 1783, used “ mflammahle air ” 
as a general term to include this gas, as well as the hydrocarbons, hydrogen 
sulphide, carbon monoxide, and other combustible gases. H. Cavendish 
(1766) showed tha^ the inflammable air produced by the action of dilute 
sulphuric or hydrochloric acid on metals like iron, zinc, and tin was a 
distinct definite substance, and A. L. Lavoisier (1783) called the gas 
“ hydrogen.” 

The gas obtained from metallic iron is not very pure, and it possesses 
a distinct smell caving to the presence of hydrocarbon gases, etc., formed 
by the action of the acid on the carbon compounds associated, as im- 
purities, with commercial iron. The solution remaining after the action 
of sulphuric acid on the iron w^hen put aside in a cool place soon forms 
beautiful pale green crystals of ferrous sulphate. Their mode of forma- 
tion, etc., is quite analogous with the process used in the preparation of “ 
zinc sulphate crystals, Pig. 5. Magnesium and aluminium furnish a fairly 
pure gas ; with aluminium the acid shbffld be warmed to start the reaction. 
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In these cases not only is hydrogen gas obtairiedy but crystals of mag- 
nesium sulphate and of aluminium sulphate can be obtained from the 
liquids in which the metals have been dissolved. The action of the acid 
on tin is rather slow ; granulated zinc is used for general laboratory work, 
in the following manner : 

Preparation in the laboratory.— Granulated zinc is placed in a two- 
necked Woulfe’s bottle, ^ A, Fig. 10. One neck is closed ah-tight by a one- 
hole rubber stopper fitted with a funnel tube, B, extending nearly to the 
bottom of the bottle; the other neck is fitted with a glass tube, C— 
delivery tube — bent as shovm in the diagram. The delivery tube dips 
under the beehive, D, ^fiaced in a basin of water, B. The vessels D and 
^ form a collecting, gas, or pneumatic trough. ^ ^ 

Pour some water through the funnel tube until the zinc is well covered ; 
make sure that all the joints are air-tight, and that no escape of gas is 
possible other than through the delivery tube. Pour concentrated sui- 
phuric acid, a little at a time, through the funnel tube until the gas oegins 
to come off vigorously. The mixture of air and hydrogen gas first issuing 

from the delivery tube 
is very explosive.;' Tt is. 
therefore necessary to 
make sure that all the 
air has been expelled 
before the hydrogen is 
collected in the gas cylin- 
ders, or gas jars, 
Hence, invert a test tube 
full of water over the 
hole in the upper floor of 
.the “beehive.” .'.When' 
the tube is full of gas, 
apply a lighted taper to 
the mouth of the test tube. If the gas detonates, repeat the trial until 
the gas burns quietly. Pill a gas jar full, of water, cover it with a 
greased glass plate, G ; turn the jar and cover upside down, and remove 
the plate while the mouth of the gas jar is below the surface of the water 
in the gas trough. Place the mouth of the jar over the hole in the 
floor of the “ beehive.” When the jar is full of gas, close the mouth of 
the jar vdth the glass plate and remove the vessel from the collecting 
trough. Stand the jar mouth downwards, and collect sevei'ai jars of gas 
in a similar way. 

Properties.— Plunge a lighted taper into a jar of the gas held mouth 
downwards ; the gas is combustible, for it burns with a scarcely visible, 
blue flame at the mouth of the jar, and the taper is extinguished, showing 
that the gas is a non-supporter of combustion. The gas can be poured 
upwards from one jar to another as illustrated m Pig. 11, and it can be 
proved that the gas has actually been transferred from the one vessel to 

^ The tubulated bottles for washmg gases appear to bavo been first described 
by Peter Woulfe in 1784, hence the, term Woulfe^s bottles, not Woulfi’s bottlesP' 

- The discovery of the water pneumatic trough is often attributed to Stejihen 
Jaaies, about 1730; J* Priestley afterwards used mercury in place of water, and 
this enabled him to manipulate -gwa soluble in water# 



Fig. 10. — The Preparation of Hydrogen. 
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tlie other by testing the contents' of each jar with a' lighted taper. The gas 
is therefore lighter than air ; indeed, for many purposes there is no need to 
use the pneumatic trough for collecting hydrogen. Bring the gas jar mouth 
downwards over a jet of hydrogen. The hydrogen eollects at the top of 
the jar, and displaces the air down- 
wards - — hence the term collecting 
gases by the downward ^ displace- 
ment of air. Later on we shall meet 
another important gas which turns 
, clear .lime water turbid — hydrogen 
does not. As indicated above, a 
. mixture of hydrogen with oxygen or . 

■air is violently explosive. This . can 
be illustrated by mixing two volumes 
of hydrogen gas wdth either one 
volume of oxygen or five volumes of 
air in a soda-water bottle. A lighted 
taper applied to the mouth of the Fig, 11. — Pouring Hydrogen upwards, 
bottle causes the gas to detonate 

violently. The combustion of the whole mass is almost instantaneous. 
The explosion is so violent that N. Lemery believed thunder to bo due 
to the ‘‘ fulminations of hydrogen.’’ 

These experiments have taught us that hydrogen is a colourless gas 
without taste or smell. Its specific gravity is very low compared with air, 
in other words, hydrogen gas is much lighter than air. The gas is 
inflammable, and burns in air with an almost colourless flame, while a 
lighted taper is extinguished when plunged into the gas. Hydrogen gas 
has no apparent action on clear lime water. 


§ 2. Burning Hydrogen in Air. 

Joseph Priestley has told us, in 1776, that his friend, J. Warltire, noticed 
that when a flame of hydrogen is allowed to burn in air confined under a 
bell-jar, the whole of the receiver appeared to be filled with a white 
powdery substance,- and when the flame goes out, the air left in the jar 
was perfectly noxious. In the same year P. J. Macquer inquired whether 
the flame of hydrogen evolves soot or smoke, and he thus described his 
experiment : 

By placing a saucer of white porcelain in a jet of inflammable gas burning 
tranquilly at an orifice, I found that the part of the saucer which the flame licked 
was moistened by small drops of liquid as clear as water, and which, in fact, 
appeared to be nothing but pure water. 

It is probable that J. Warltire’s white cloud was nothing but condensed 
steam. P. J. Macquer has been blamed because he felt no astonishment 
at that which is really astonishing — ^the appearance of the water — and 
because he did not stop to inquire : Whence came the water He did not 
see a great discovery begging for recognition. Hence, asked F. J. Arago, 

^ Many wiitors call this cMtecting the gm hy upward. displacement. The student 
must therefore make perfectly clear there is no confusion in his own use of the 
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Isi genius in the observational sciences to be reduced to the faculty of asking 
an appropriate why ? The inquiry can be made (1) What happens to the 
. '..surrounding .air during the burning of a jet of hydrogen. ? and (2) Is the 
product of the action really water ? 

J. Warltire’s experiment can be modified in the following %vay : Eiil 
a gas holder,^ If, Fig. 12, with water. Close the two stopcocks, remove 
the stopper Y and place the delivery tube from the hydrogen apparatus 
(Fig, 10) in the opening. Water is displaced ^ by the hydrogen. When 
full, close N with the stopper. By keeping the large funnel, F, filled with 
water, and regulating the two stopcocks, S and /S'^, hydrogen can be dis- 
placed from the gas holder at anj^ required speed. ^ Connect a glass tube, 
bent as shovm in the diagram, with the exit tube from the gas holder, 
interposing a calcium chloride tower 0, packed with granulated calciuiii 
chloride, and a plug of glass wool at each end. The object of this tube is 
to remove moisture from the gas.^ Place a bell- jar, K, in a dish of distilled 
water, if, Fig. 12, and arrange the delivery tube J so that it can be quickly 

. fixed as illustrated 

in the diagram. Col- 
lect a test tube of 
the gas by down- 
ward displacement 
as it leaves the exit 
tube in order to 
make sure that all 
air has been dis- 
placed from the 
tubes. 

When the test is 
satisfactory, light 
the jet of iiydrogen, 
and adjust the flame 
until it is about the 
size of a candle-flame ; lower the burning jet into the cylinder of air as 
shown in Fig. 12. Note that the water rises in the jar, and that the 
flame of hy(h’ogen gradually expires. Immediately this occurs, stop the 
current of hydrogen by means of the stopcock, otherwise hydrogen gas 
•will pass from the gas holder and mix with the residual air. 

The gas remaining in the jar has quite similar properties to the gas 
remaining after mercury is calcined in air, p. 23. Consequently, it is 
inferred that when hydrogen burns in air, it unites with the oxygen 
and leaves nitrogen behind. If the experiment be carefully done, four- 

^ There is no special need for a gas holder in this particular experiment. Kipp’s 
apparatus may be used, as illustrated in J., Fig. 13. The gas holder is introduced 
here to illustrate one of the methods of storing gases in the laboratoiy. 

^ This is done over a sink to carry ofl the surplus water. 

® When hydrogen is to be burned, a jet of hard glass should be used, or, better, 
a tip of platinum or a, piece of quartz glass tubing should be attached by a piece 
of rubber tubing to the delivery tube, , The hydrogen flame is very hot and soon 
melts ordinary soft glass. 

* Concentrated sulphuric acid is. also frequently used to absorb moisture from 
gases. Phosphorus pentoxide is. used, in vspeeial cases where a very powerful 
absorbent is needed for very small amounts of moistiwe. The drying agent used 



Fig. 12. — The Action of burning Hydrogen in Air. 




Fxg. 13. — The Synthesis of Water, 
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fifths of the original volume of air remain. The burning hydrogen removes 
one-fifth of the original volume of air. Hydrogen does not burn in the 
■residual nitrogen. A certain amount of “dew’’ collects on the inner 
walls of the bell-jar, but that, of course, may come from the water in the 
dish below. In fine, we have reasons for supposing that hydrogen, in 
burning, combines with oxygen to form an oxide of hydrogen in the same 
sense that mercury, when calcined in air, combines with oxygen to form 
mercuric oxide. It remains to try to isolate the hydrogen" oxide whose 
existence we have just inferred, but not proved. 

P. J. Macquer’s experiment can be modified in the following manner : 
Pit up the apparatus previously described for the preparation of hydrogen, 
Fig. 12, or use one of the numerous modifications of Kipp’s apparatus, say, 
A, Fig. 13. Kipp’s apparatus is very convenient when a steady current 
of hydrogen is needed for some time ; or when variable quantities of gas 
are required intermittently.^ The Kipp’s apparatus may conveniently 
be used instead of the gas holder in the preceding experiment. Connect 
the Kipp’s appar- 
atus with the dry- 
ing tower packed 
with calcium chlo- 
ride, B, and fitted 
with a jet, G, for 
burning the hy- 
drogen. A piece 
of narrow quartz- 
glass tubing makes 
an excellent jet. 

If this is not avail- 
able, use a jet of 
hard “ combus- 
tion ” glass tub- 
ing. Test the gas, 
to ensure the ab- 
sence of air, by 
bringing a dry test 

tube over the jet of gas issuing from the drying tower. Bring a lighted 
taper to the mouth of the tube. The hydrogen should burn quietly; in 
that case, it will be noticed that a kind of “ dew ” collects on the inside 
of the test tube. Bring the jet of burning gas under the inverted funnel 
fitted, as shown in the diagram, with a bulb, D, connected with an 
aspirator for sucking a gentle current of air through the bulb. The 
current of air carries along the products of combustion from the 
hydrogen fiame. A clear colourless liquid collects in the bulb.^ This 

^ Zinc is placed in the middle bulb, and dilute sulphuric acid (1 voL acid; 

S vols. water) or hydrochloric acid in the lower and upper bulb, as shown in the 
diagram. Open the stopcocks until the gas has displaced the air. The velocity 
of tile current of gas is regulated by the stopcoclcs. When the stopcock is closed, 
the acid is forced away from thb zinc. The side tube helps to prevent an accumu- 
lation of s|)ont acid near the zinc. There are over a hundred modifications of the 
principle for supplying a continuous stream of gas. 

» The bulb can be cooled,. if desired, by resting it in a funnel, and allowing 
water to run over the bulb and out from the bottom of the funnel to the sink. 
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liquid has , ail the properties of ..water — clear, colourless, tasteless, no 
smell, freezes, .'at; O"*,' boils af; .100%.' , etc.- It ...is therefore provisionally 
inferred that water is a hydrogen oxide formed when hydrogen burns 
in, air. 

§ 3.. Morley^s ' Experiment on the Composition of Water by Weight. 

In the determination of atomic weights, a small number of values are to be 
regarded as fundamental. They are the standards of reference ; and by 
comparison witli them ail the other atomic weights are established. The 
atomic weights of hydrogen and oxygen are primary ; that is, one 
or other of' them is the basis of the entire system of atomic weights.--™ 

. F. W. Claeke. ’ ' 

E. W. Morley (1S95) has a very fine application of the principle under- 
lying this experiment. Known weights of pure dry hydrogen and piire 

dry oxygen were stored in two large 
glass globes. The globe containing 
oxygen was connected with 0, Pig. 14. 
The oxygen passed through a layer of 
phosphorus pentoxide,^ and thence 
into the glass chamber M. via one of 
the jets, A; the globe contaming 
hydrogen was similarly connected 
with another tube, D, contaming 
phosphorus pentoxide, and the hy- 
drogen led into the chamber M^vid 
one of the jets Yl. The rates at 

which the gases enter the chamber 
was regulated by suitable stopcocks. 
The chamber M was previously 
evacuated and weighed. One of the 
gases, say oxygen, was allowed to 
enter if, and electric sparks were 
passed across the terminals P just 
over the jets A, Hydrogen was led 
into the apparatus and ignited by the 
sparks. The rates at which hydrogen 
-and oxygen.. entered' the chamber ■were ' 
regulated so that the formation of 
water was continuous. The water formed was condensed, and collected 
in the lower part of the chamber. To hasten the condensation, tlie 
apparatus was placed in a vessel of cold water — dotted in the diagram. 
When a sufficient amount of water was formed, the apparatus was 
placed in a freezing mixture. The mixture of unconsumed oxygen 
and hydrogen remaining in the tube, was pumped away, and analysed. 
The weights of hydrogen and oxygen so obtained were added to the 
weights of uncousumed hydrogen and oxygen remaining in the globes. 

^ The hydrogen was prepared by, heating palladium hydride, and the oxygen 
by heating potassium chlorate. The apparatus for storing and drying the 
hydrogen and oxygen is not shown’ in Fig,- 14. 

2 The phosphorus pentoxide is . not intended to dry the mitering gases — these 
have already been dried. . ‘ > - 
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The phosphorus pentoxide tubes prevented the escape of. water vapour* 

.The amount .of .water formed was determined from the difference in 
.the '■ weights of, the system iff before and after 'the experiment.:.. 'The 
amounts of hydrogen and oxygen used were determined fro.m':,. the 
weights of the corresponding globes before and after the experiment. The 
amount, of, water formed was determined from the increase in the, weight 
of the above-described vessel before and after the combustion.' Morley, 
as a, mean of eleven experiments, found that : 

Hydrogen used 3-7198 grams* 

Oxygen used 29-5335 grams. 

Water formed 33'2o30 grams. 

Hence, taking oxygen = 16 as the unit for combining weight, it follows 
ihat 16 parts hy weight of oxygen combine with 2*016 parts by weight of 
hydrogen to form 18*016 of water — within the limits of the small 
experimental error. 

§ 4, Dumas' Experiment on the Composition of Water by Weight. 

After cl careful examination of all analytical researches made for the determin-* 
atioii of atomic weights, I emphatically declare that the researches oi 
Dumas are the most important of all, marking as they do the beginning of 
analysis of precision, and offering also the jSrst instance of a true series of 
determinations such as is required to furnish the absolute value of the 
atomic weights. — G. D. Hinbichs. 

Hydrogen does not combine easily with many of the elements, but it 
readily combines with oxygen, chlorine, fluorine, lithium, and a few 
others. Hydrogen will very often remove oxygen and chlorine from their 
compounds with the other elements. Thus, when hydi-ogen is passed 
over hot ferric oxide, lead oxide, nickel oxide, copper oxide, etc,, the 
hydrogen combines with the oxygen of the oxide and leaves behind the 
metal. In these experiments, the hydrogen is said to be oxidized ; and 
the metallic oxide, reduced, or deoxidized. 

If a known amount of copper oxide be employed, and the water formed 
be collected and weighed, the weight of the reduced copper oxide will show 
how much oxygen has been used in forming a definite amount of water. 

This was done by J, B. A. Dumas in 1843. His experiment is not the best 
of its kind, altliough it was the best of its time, and it has long held an 
honoured place in chemical text-books. The experiment illustrates some 
im,portant principles, and it is therefore here described in outline. 

The preparation of pure hydrogen, — The hydiogen was prepared by 
the action of zinc on sulphuric acid. It might be thought that pure zinc 
and pure sulphuric acid should be used. Experiment shows, curiously 
enough, that the action is so very, very slow, that it is often stated that 
‘‘ absolutely pure sulphuric acid, even when diluted with pure water, has no 
action on perfectly pure zinc.” Moreover, it is exceedingly difficult to , 

prepare pin*e zinc and pure sulphuric acid. ; Hence, pure reagents were not 

used for the preparation of ' the hydrogen. ■■ ■ Accordingly, " tliC' gas may ■ 

contain nitrogen and oxygen derived from the air j sulphur dioxide and 
hydrogen sulphide derived from the reduction the sulphuric acid by the 
hydrogen, carbon dioxide, arsenic hydride- (if' the ’acid or fihe zinc contained 



64 


MODERN INORGANIC - CHEMISTRY' 


arsenic); liydrogen phosphide (if the zinc or the acid contained phos- 
phorns) ; nitrogen oxides (if the acid contained nitrogen oxides) ; and 
water vapour. Accordingly, Dumas (1843) used sulphuric acid, which had 
been well boiled to get rid of dissolved air, and then passed the hydrogen 
through a series of U -tubes — ^Fig, 15 — containing : ( 1) pieces of ^ glass 
moistened with lead nitrate to remove hydrogen sulphide ; (2) solution of 
silver sulphate to remove arsenic and phosphorus compounds; (3) solid 
potassium hydroxide to remove sulphur dioxide, carbon dioxide, and 
nitrogen oxides ; ^ and (4) phosphorus pentoxide to remove moisture ^ 
not absorbed by the solid potassium hydroxide. The phosphorus pentoxide 
tubes were placed in a freezing mixture. The tube marked (5) in the 
diagram contained phosphorus pentoxide. It was weighed before and 
after the experiment. If no change in weight occurred, it was assumed 
that the hydrogen passing through was quite dry. 



Fig. 15. — Dumas’ Experiment (abbreviated). 


The experiment — The purified hydi’ogen was passed through a weighed 
bulb, A, containing copper oxide, and heated by the spirit lamp under- 
neath. Most of the water condensed in the bulb B, and the remainder was 
absorbed in the U-tube G containing solid potassium hydroxide, and in D 
and E containing phosphorus pentoxide. The phosphorus pentoxide tube 
D was kept cool by a freezing mixture. The three tubes G, I), and the 
bulb B, were weighed before and after the experiment. The last U-tube, 
F, containing phosphorus pentoxide was followed by a cylinder, of 
sulphuric acid through which hydrogen escaped. The vessels F- and G- 
were not weighed ; they served to protect the other tubes from the external 
atmosphere. 

The results , — The average of nineteen experiments by Dumas (1843) 


gave : 

Copper oxide lost in weight . ... . 44*22 grams. 
Water produced 49*76 grains. 

Hydrogen (by difference) . . 6*54 grams. 


Hence, every 16 parts by weight of oxygen combined with 2 '004 parts 

Dumas used three potassium hydroxide tubes, and two phosphorus pent- 
oxide tubes, I have taken the liberty, of showing only one of each in the diagram. 
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by weight of hydrogen to form water. The latter determination of Morley ' 
gave 16: 2*016. There is a cnrious error in Dumas’ experiment wMchj 
if not corrected, makes the result a little high. The reduced copper 
retains some hydrogen very tenaciously (see occlusion of hydrogen by the 
metals, p. 125). Other objections to Dumas’ experiment have been made : 
(1) The expulsion of the air from the large apparatus is difficult ; (2) The 
air absorbed by the sulphuric acid is slowly evolved along with the hydrogen 
when the acid acts on zinc ; (3) The copper oxide is contaminated with 
nitrogen absorbed from the air ; (4) The slight reduction of sulphuric acid 
by hydrogen, forming gaseous sulphur dioxide ; and (5) The complete 
drying of the hydrogen is very difficult. In approximate work we may 
take it that 2 parts by weight of hydrogen combine with 16 parts by weight 
of oxygen to form 18 parts of water. 

§ 5. The Decomposition of Water by Metals. 

Water remains permanent and stable so long as the balance of forces between 
its constituent elements is maintained, but in the presence of another 
body which can unite with one of these elements the water may be decom- 
posed : one element — say, hydrogen — is set free and the other unites 
with the agent of destruction to form a new compound — an oxide. — A non. 

In the preceding experiments, water has been synthesized from its 
elements. Let us now examine some methods of decomposing water into 
its elements — 
analysis. Fill 
an iron, porce- 
lain, or hard 
glass tube — 60 
cm. long and 1*5 
cm, diameter — 
with bright 
iron turnings or 
bright iron nails. 

Infeg, 16 a hard 

glass tube is J’ig. 16 . — Decomposition of Steam by Hot Iron, 

used. This is 

drawn out at one end as shown in the diagram. This end is fitted with 
a delivery tube dipping in a gas trough, A roll of previously ignited 
asbestos paper, 6 cm. long, is inserted in the opposite end. This end is 
closed with a red rubber stopper and the exit tube of the flask so 
arranged that it passes a short distance into the core of the asbestos 
paper. The asbestos roll, later on, prevents the liquid water coming 
into contact with the hot glass and breaking the tube. Water is boiled 
in the flask, and the steam, passing through the red-hot iron turnings, 
is decomposed. When all the air hks been driven out of the apparatus, 
hydrogen may be collected in the gas jar. The usual tests for hydrogen, 
indicated on p. 60, may be applied. 

Lavoisier made a similar experiment to this in 1783, and stated that 
the metallic iron “ is converted into a black oxide precisely similar to that 
produced by the combustion of iron in oxygen gas.” The iron is oxidized 
by the water, and the water is reduced, fbrmiug a peculiar inflammable 



':gas,''’.,'wliicli Lavoisier named- “'hydrogen,” because “-'no other .term seemed 
more, appropriate.”. : The,;. .word signihes the “generative' principle of 
water .,”,fr,oin the Greek wSwp (hydor), water, -and yewdo} (gennao), I.generate 
or prodnce., . ..ThC' German word for hydrogen is. “ Wasserstoff.”,-, 

., - , If .zinc dust -'he used in place of 'iron, the temperature need, not be 
much higher than the boiling point of water, since zinc reduces steam and 
forms zinc oxide at a comparatively low temperature. ■ If .-: a strip of mag-- 
■ nesium ribbon be placed in a bulb of a hard glass tube,, and heated „in a 
current of steam .at, a red heat, the metal appears to burst into, flame, 
forming magnesium oxide. The resulting hydrogen can be ignited if the 
jet of steam be not too vigorous. Metallic calcium decomposes cold water 
and gives ofl hydrogen, but the action slows down very soon, probably 
because the calcium hydroxide is not all dissolved by the water, and in 
consequence a crust of this substance forms over the surface of the metal. 
The calcium can be advantageously warmed with water in a flask, con- 
nected directly with a delivery tube leading to the gas trough. If the 
water is not free from carbonates, a crust of calcium carbonate also forms 

over the surface of the metal. 
Calcium hydroxide is formed as 
well as hydrogen. Sodium de- 
composes cold water, giving ofl 
hydrogen, and forming sodium 
hydroxide. The experiment is 
iiable to unpleasant explosions 
when the sodium is confined so as 
to enable the resulting hydrogen 
to be collected. The following is 
an easy way of showing the action. ^ 
■A glass tube— 4; or .5 'ein. :,lQng mi 
1*5 cm. diameter, and open at both 
Fig. 17. — The Action of Sodium on ends — ^is thoroughly dried inside. 

Water. This is lowered and clamped verti- 

cally in a dish of water so as not to wet the sides of the tube above the 
level of the water. Fig. 17. A small piece of dry sodium, about 2 mm. in 
diameten, is dropped into the tube. The hydrogen evolved can be lighted 
at the upper end of the tube. Sodium amalgam — ^that is, a solution of 
metallic sodium in mercury — decomposes water much less turbulently 
than sodium alone. The result is similar when a small piece of potas- 
sium — ^3 or 4 mm. diameter — is placed on %vater, but it reacts so 
violently that the temperature rises high enough to set fire to the 
hydi*ogen,“ This burns with a flame tinged violet, owing to the presence 
of the vapour of potassium; the hydrogen produced by the action of 
sodium on water burns with a yellow flame, owing to the contamination 
of the hydrogen by the vapour of sodium. 

^ This set of experiments gives a series of metals which appear to react 
with water with increasing violence ; the metals seem to have an increasing 
“ avidity ” or “ affinity - ^ for oxygen : 

Iron, zinc, magnesium, ealemm, sodium, potassium. 

^ I£ there is an explosioh, no particular harm is done. 

2 A sheet of xflate glass should be held between the metal on the water and the 
operator. . 
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6, The Decomposition of Water by Electricity. ■. 

Electricity 'is; tlie key which will' 'open- a way into the .innermost . parts of 
'.nature.— J. W., Eitt.ee, 

W. Nicholson and A. Carlisle, May 2, 1800,^ happened to put a ch:op of 
water ill contact with two wires from an electric battery and noticed the 
formation of small bubbles of gas about the tips of the wires when the tips 
of the wires were not in contact. They then immersed the two wires in a 
glass of water, and found that gases were formed about both wires. They 
found the gas collected at one wire to be hydrogen, and at the other wire, 
oxygen. Two volumes of hydrogen were collected for every volume of 
oxygen. The gases were mixed and exploded. The result was water. 
This is very interesting. We have seen that chemical combination can 
produce an electric current ; here an electric current is used to produce 
chemical decomposition. 

The electrolysis of water. — ^It will be convenient to modify Nicholson 
and Carlisle’s experiment. A trough, Mg, 18, is half filled With water 


^Mumz 



Hydrogen. 



Fig. 18. — Electrolysis of Water — Gases 
separated. 


Fig, 19. — Electro- 
lytic Gas. 


slightly acidulated with sulphuric acid. Test-tubes full of acidulated 
water are placed in the position shown in the diagram over two plates of 
gold or platinum. The plates are put in communication with an accumu- 
lator or galvanic battery. ^ During the passing of the electric current, 
bubbles of gas from about the metal plates rise into the test-tubes. More 
gas is given oft* at one plate than the other. The gas in each tube can be 
examined by means of a lighted taper or otherwise. In the one tube, 
the taper burns with the “ blinding brilliance ” characteristic of oxypn ; 
and the gas in the other tube burns with the blue ftame characteristic of 
hydrogen. Some of the 'v^^ater has disappeared, but no change can be 
detected in the amount of sulphuric acid mixed vdth the water. Hence 
it is inferred that the water, not the acid, has been decomposed. The 
experiment succeeds equally well if a very dilute solution of sodium or 
potassium hydroxide be used*with nickel or iron electrodes. Here again 
the water, not the alkali, is decojpotposed., These reagents are used because 

^ J. W. Bitter noticed the decomposition of water by an electric current a 
year earliei’— 1799. ' : ^ ^ ^ ^ 

■ 2 There are scores of difterent ways of doing, this experiment. Some of the 
Instruments are very ingenious, but. e^j3y broken. ■ 
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water alone does not conduct an electric current very well. In fact, pure 
water is said to be a non-conductor of electricity. Bilute solutions of 
acids or alkalies are good conductors. If iron electrodes are used in the 
acidulated solution, much of the oxygen formed during the decomposition 
of the water is used in oxidizing the metal. 

A mixture of one volume of oxygen and tw^o volumes of hydrogen, 
called electrolytic gas or detonating gas, is often wanted in gas analysis, 
etc. This is easily provided by placing both electrodes under one receiver. 
The apparatus illustrated in Fig. 19 is often used for this work. Electrolytic 
oxygen contains a little ozone and hydrogen peroxide if prepared by the 
electrolysis of acidulated water, but not if a solution of barium hydroxide 
be electrolysed. 

The formula for water used to be written HO when the atomic weight 
of hydrogen was taken unity, and oxygen 8. This agrees quite well with 
the determinations of Morley and of Bumas. But we naturally ask f or an 
explanation of the result of the electrolysis of water. Boes an atom of 
hydrogen occupy twice the volume of an atom of oxygen ? This subject 
will be taken up in the next chapter. 

§ 7. Cavendish’s Experiment on the Synthesis of Water by Volume. 

It is cmious to note the changing fortunes of water in the history of chemistry. 
First the matrix of the whole universe ; then only one of the four elements 
though the chief of the quaternion ; and at last discovered to be nothing 
but a liquid product of combustion, one oxide among many, the mere ash, 
rust, or calx of so much burnt hydrogen. — S. Bbown. 

The older chemists considered water to be an element. Thej^ were 
quite right so far as their knowledge went, p. 25, because they did not 
know how to decompose it into simpler substances. In the s]Dring of 
1781, J. Priestley made what he called “ a random experiment ” to “ enter- 
tain a few philosophical friends,” in which a mixture of ‘‘inflammable 
air” with oxygen or atmospheric air was exploded in a closed vessel 
by means- of an electric spark. The sides of the glass vessel were found 
“ bedewed ” with moisture after the explosion, but Priestley^ paid no 
particular attention to the phenomenon. H. C. Cavendish looked upon 
the deposition of the dew as a fact “ well worth examining more closely,” 
and immediately followed up the subject, in 1781, by exploding a mixture 
of “ one measure of oxygen with two measures of inflammable air 
(hydrogen) ” in a closed vessel. No gas remained in the globe after the 
explosion, but the hydrogen and oxygen lost their gaseous form, and pro- 
duced a certain weight of water. The vessel and its contents underwent 
no change in weight, or parted with anything ponderable during the 
explosion, whilst a certain volume of gas was replaced by a ck'tain weight 
of water. Hence Cavendish deduced that liquid water consists, weight 
for weight, of the hydrogen and oxygen gases lost in its production. 
Cavendish’s results were communicated to Priestley and to Lavoisier 
not later than the summer of 1783, and published in 1784. 

The experiment can be illustrated in tlfb following manner : A stout 

y*- James Watt, of engineering iaaaae, , expressed the opinion^ in 1783, that 
Priestley's experiment meant that . “ water is composed of dephlogisticated air 
(oxygen) and inflammable air.” ; There was much confusion about that time in 
the use of the term “ inflammable air,’’ and it is by no means clear that W'att 
meant by “ inflammable air ” what w© tmderstand by ‘‘ hydrogen ” to-day# 
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.glass vessel, A, is fitted with a stopcock,' G, at one end, and .with a piece 'of 
strong pressure tubing, D, connected with a reservoir at the other end, 
Eig. 20. A pair of platinnm wires, T, are sealed into the stout glass 
measuring vessel just 
below the^ stopcock. 

These , wires are .put., 7 
in communication 
with' 'an^ induction 
coil, which in turn is 
connected with an 
accu'mulator. The 
tube'xd' is . called the. 
eudiometer, or the 
explosion tube. This 
is filled with mercury 
by adjusting the 
levelling tube B and 
the stopcock (7. A 
mixture containing 
one volume of oxygen 
and two volumes of 
hydrogen is intro- 
duced into the ex- 
plosion tube via the 
stopcock C and by 
depressing the level- 
ling tube. When the explosion tube is about half or three-fourths filled, 
read the volume of its contents by bringing the mercury to the same 
level in both levelling tube and explosion tube. Then depress the 
ievelling tube so that the mercury falls nearly to the bottom of the 
explosion tube. Pass a spark from the induction coil through the wire 
terminals of the explosion tube. The gases explode, and the level of 
the mercury is again adjusted after the apparatus has stood for a few 
minutes in order to regain the temperature of the room. The mercury 
rises nearly ^ to the level of the stopcock. ^ 

Suppose the experiment be repeated a number of times with, say, one 
volume of oxygen and three volumes of hydrogen — one volume of hydrogen 
remains after the explosion ; again try the experiment with tw^’O volumes 
of oxygen and tw^o volumes of hydrogen — one volume of oxygen will 
remain uncombineci after the explosion. It is inferred, from this experi- 
ment, that two volumes of hydrogen and one volume of oxygen com- 
bine to form water, and if an excess of either oxygen or hydrogen be 
present, the excess will remain uncombined after the reaction. 

Gas analysis. — If a knowm volume of a gas containing hydrogen be 
mixed wuth an excess of air or oxygen ; or if a known volume of a gas 
containing oxygen be mixed with an excess of hydrogen and exploded in 
a eudiometer, the contraction %vhich occurs represents the volume of w^ater 

^ The mLxed ga.s probably cdhtaiiied a little air, and probably a slight excess 
of either oxygen or hydrogen. 

2 The advantage of the forms of explosion vessel, Figs, 20 and 2.1, lies in the 
fact that the explosion takes place under diminished pressure, and is not so liable 
to fracture the apparatus, because it is less violent* 
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formed, and tlie corresponding amount of the gas under investigation can 
be determined. For example, 20 e.e. of air was mixed with 20 c.c. of 
hydrogen and exploded. The mixed gases, after the explosion, occupied 
2-8 e.c. Hence, the contraction was 12 c.c. Hence,d2 c.c. of the mixture 

combined to form water., ■. Of this 
' two-thirds must ■ have . been hy- 
drogen and one-third ; . oxygen. 
Hence, the original 20 c.c. of air 
contained 4 c.c.' (i.e. one-third of 
12 c.c. ) of oxygen. .This illustrates 
“an important principle used In 
gas' analvsis. ' 


Boifer. 

M 



Levelling 

Tube. 


8. The Volumetric Synthesis of 
Steam. 

Let us modify the preceding 
experiment. Place a hot vapour 
jacket about the explosion tub© 
so that the water remains in the 
gaseous condition, and does not 
condense to a liquid after the ex- 
plosion. The experiment is illus- 
trated in Fig. 21. The upper end 
of the glass jacket surrounding 
the explosion tube of Fig. 21 is 
connected with a bask, M, con- 
taining toluene, boiling at about 
110°, or amyl alcohol, boiling at about 130°. The lower end of the jacket 
is connected with a flask and condenser N, so that the amyl alcohol can 
be recovered. When the amyl alcohol is steadily boiling, and the ex- 
plosion tube lias been filled as described in the preceding experiment, the 
gases are sparked. In a few minutes, when the temperature has had 
time to adjust itself, bring the levelling tube in position for a reading. 
It will be found that the steam occupies just two-thirds the original 
volume of the mixed gases. Otherwise expressed, 


Fig, 21. — Synthesis of Steam by Volume. 



d Vofumes. 2 Valumes. 

Hence, it is inferred that when water is synthesized at a temperature 
above the point of condensation — 100° — ^two volumes of hydrogen 
react with one volume of oxygen to form two volumes of steam. It is 
necessary to correlate the different results described in this chapter when 
water is synthesized by volume and by weight. 


I. 50 c.e. of oxygen are mixed, with 500 c.c. of hydrogen, both are measured 
at normal temperature and pressure, mid an electric spark as passed through the 
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mixture ; what volume, if any; of gas will remain, and how would j-ou ascertain 
what it is 7— -Science and Art DepL Hint : 50 c.c. of oxygen unite with 100 e.c. 
of hydrogen to form water, and most of the water condenses to a liquid ; 400 c.c. 
of moist hydrogen remain.' 

2. B. Bmisen (1846) mixed 436*97 c.c. of dry air with hydrogen. The mixed 

gases, occupying 672*74, were sparked, and the residual gas, when dried, occupied 
403*88 c.c. (a) What is the percentage composition of dry air, assuming the 
nitrogen of the air is not affected by the explosion ? (5) Was sufficient hydrogen, 

added to combine with all the oxygen of the air ? Ansr, (a) 20*91 per cent, of 
oxygen and 79*09 per cent, of nitrogen. {&) Yes, An excess of 58*20 e.c. of 
hydrogen was added. 

3, A mixture of 5 volumes of hydrogen and 3 volumes of air is surrounded 
by a hot Jacket at a constant temperature of 110°. What change of volume will 
occur after the mixture has been sparked, assuming that air contains 21 volumes 
of oxygen and 79 volumes of inert nitrogen ? Here .3 vols. of aii* contain 0*63 
vol. of oxygen, and 2*37 vols. of nitrogen ; 0*63 vol. of oxygen unites with 1*26 
vols. of hydrogen to form 1*26 vols. of steam. Hence, the composition of the 
mixture after sparking will be 2*37 vols. of nitrogen, 1*26 vols. of steam, and 3*74 
vols. of hydrogen. Total, 7*37 voLs. The volume of the original mixture is 
8 vols. Hence a contraction of 0*63 vol. occm*s. This question could have 
been more simply answered by noting that the hydrogen simply removes 0*63 vc2> 
of oxygen from the mixture. 


CHAPTER IV 

■' COMBmATIOK'.. BY VOLUME- 

§ 1. Gay-Lussac’s Law of Combining: Volumes. 

Thou hast, ordered ail things in measui-e, and aumber, and weigiit, — W isdom 
OF Solomon., ■ , 

Not very long after Dalton had directed the attention of chemists to the 
relations subsisting between the weights of bodies which combine in 
different proportions, Gay-Lussac established a similar correspondence 
between volumes of combining gases. A. von Humboldt, the naturalist 
and explorer, collected samples of air from different parts of the world, and, 
with the aid of J. F. Gay-Lussac, analysed the different samples with 
the idea of finding if the composition of air was variable or oonstaiit. Gay- 
Lussac used Cavendish’s process — explosion of a mixture of air and 
hydrogen gas (p. 68). As a preliminary, Humboldt and Gay-Lussac 
investigated the proportion by volume in wliich hydrogen and oxygen 
combine, and found the ratio of hydrogen to oxygen, by volume, to be 
nearly as 2 : 1. If either hydrogen or oxygen w^as in excess of these 
proportions, the excess remained, after the explosion, as a residual gas. 
Humboldt an'd Gay-Lussac (1805) found : 

Vols, oxygen. Vols. hydrogen. Vols residue. 

100*' 300 101-1 hydrogen 

200 200 101*7 oxygen 

After maldng corrections for impurities, etc., in the gases, Gay-Lussac 
and Humboldt stated that “ 100 volumes of oxygen required for complete 
saturation 199*89 volumes of hydrogen, for which 200 may be put mthout 
error.” A. Scott (1893) found, as the result of twelve experiments on 
the volumetric composition of water, that oxygen and hydrogen combine 
very nearly in the ratio 1 : 2*00245 by volume. 

Struck by the simplicity of the relation thus found, J. F. Gay-Lussac 
(1808) followed up the subject by numerous experiments with different 
gases. As a result, he concluded that “gases always combine in tlie 

\ simplest proportions by volume.” For instance, one volume of hydrogen 
combines with one volume of chlorine forming two volumes of liydrogen 
chloride ; this fact can be represented diagrammatically ; 




Zy<tfame$. ZVahmm, 

Two volumes of hydrogen combine with one volume of oxygen forming 
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two volumes of water vapour' , (whioh condenses, to liq_uid water if tlie 
temperature be below '100°). , 
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Three volumes of hydrogen and one volume of nitrogen form two volumes 
of ammonia. Thus: 
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4 i^oJomes. 2 Volumes. 


There are slight deviations wdth the gases which show deviations 
from the laws of Boyle and Charles, but the experimental results are such 
as to leave no doubt that Gay-Lussac’s generalization is valid, and accord- 
ingly, we define Guy-Lussac’s law ; when gases react together, they 
I do so in volumes which bear a simple ratio to one another, and to the 
■j volume of the gaseous product of the action. It is assumed, of course, 
that the initial and final products of the reaction are under the same 
conditions of temperature and pressure. 

We traced the remarkable way in which elements combine by weight 
to a peculiarity in the constitution of matter ; so here, we are tempted 
to make a similar quest. It follows at once (1) if elements in a gaseous 
state unite in simple proportions by volume, and (2) if the elements also 
unite in simple proportions by atoms, then the number of atoms in equal 
volumes of the reacting gases must be simply related. With J. Dalton 
let us make a guess. Assume that equal volumes of the different gases 
under the same physical conditions contain an equal number — say * 
of atoms. Then, when two volumes of hydrogen react with one volume 
of oxygen to form two volumes of steam, we have 2n atoms of hydrogen 
reacting with n atoms of oxygen to form 2n “ compound atoms ” of steam. 
Hence, two atoms of hydrogen reticFmth one atom of oxygen to form two 
“ compound atoms ” of steam. In that case, every atom of oxygen must 
be split into half an atom to make two ‘‘ compound atoms ” of steam. 
Tills contradicts the fundamental postulate of the atomic theory, or 
Dalton’s aphorism : “ Thou knowest no man can split an atom,” meaning, 
of course, that atoms are indivisible in chemical reactions. Similar 
contradictions are encountered in nearly every case of combination 
between gases, hence Dalton claimed this guess to be untenable ; we must 
try anotW. There is such a marked uniformity in the deportment of 
elementary and compound gases with respect to variations of temperature 
and pressure, that it is not very probable any essential difference will be 
found in the constitution of elementary and compound gases. 

§ 2. Av#gadro*s Hypothesis. 

Advances in knowledge are not commonly made without the previous exercise 
of some boldness and licence in gaessing.^Wi: Whewsll. 

A. Avogadro (1811) pointed out that the fallacy in Gay-Lussac’s 
reasoning can be avoided U we distinguish clearly between elementary 
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atoms and tlie small particles of a gas. Assume that the small particles 
of a gas are aggregates of a definite number of atoms. Ay ogadro called 
these aggregates molecules in order to distinguish them from the ultimate 
atoms. The term ‘ ‘ molecule ” is the dimiiiutive form of the Latin word 
moles, a mass. Each molecule of an elementary gas contains the same 
number and kind of atoms. For the sake of simplicity, assume that 
each molecule of hydrogen gas is composed of two atoms of hydrogen, 
and make a similar assumption . for oxygen gas.' Hence,, modify Gay-' 
Lussac’s guess and assume that equal volumes of all gaseS' contain the 
same number of molecules. Suppose that two volumes of hydrogen con- 
tain molecules of hydrogen, then one volume of oxygen will contain w 
molecules. These react to form 2n molecules of steam — each molecule 
of steam contains two atoms of hydrogen and one atom of oxygen. Hence, 
as W. K. Clifford expressed it, although atoms cannot be split so that one 
atom of oxygen enters into the composition of two molecules of water, 
yet one molecule of oxygen can be divided between two molecules of water. 
You cannot put 50 living horses into 100 stables so that there will be the 
same amount of horse in each stable, but you can divide 50 pairs of horses 
among 100 stables. The idea can be more clearly illustrated by means of 
the subjoined diagrams analogous to those used by A. Gaudin about 1832. 
Each square represents one volume of a gas. Each volume contains n 
molecules. We do not know the numerical value of n, but, for the sake 
of simplicity, take ?^=:4. It makes no difference to the final conclusion 
what numerical value we assign to n. Then we have : 
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Again, with hydrogen and chlorine, 
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Unmixed Mixed Combined, 

Diagrams similar to these were used by A. Gaudin, 1832. It must not 
be supposed for one moment that these diagrams are intended as pictures 
of the actual molecules. They are to be regarded as aids to the under- 
standing of how xlvogadro’s hypothesis has led chemists to conclude that 
the molecules, of gaseous elements are really compounded "atoirrsyancriidw' 
Ayogadro’s hypothesis reconciles the observed volume relations during tlie 
combination of gases with the atomic theory. 

We have assumed for the sake of simplicity, that the molecule of water 
contains three atoms, and that each molecule of hydrogen and oxygen 
contains two atoms. As a matter ,, of fsCbt, all we" can infer from the 
observed facts is that the molecule of oxygen is split into halves, and in the 
absence of evidence to the edntrarya we must assume for every substance 
the simplest molecular structure .Consistent with the observed facts. 

Avogadro thus modified the atomic hypothesis and introduced the 
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conception of two orders of minute particles, (1) the atom of the unit of 
chemical exchange ; and (2) the molecule or the smallest particle of an 
element or compound which exists free in a gas. This dehmtion of a 
molecule is usually extended into the less satisfactory definition : A 
molecule is the smallest particle of an element or compound which, 
exists in a free state ; meaning that the specific properties of a substance 
depend on the component particles remaining intact. If the molecules 
be subdivided (or augmented) the substance will no longer have the same 
specific properties, because the nature of the component particles (mole- 
cules) is different. A diatomic molecule for gaseous chlorine, hydrogen, 
and; oxygen at ordinary temperatures, ■ is -a' satisfactory explanation, of- 
what we know to-day, but it is possible that at some future date the 
evidence will compel us to consider these molecules to be tetra- or hexa- 
tomio. This will not materially afect the principle as indicated above. 
The molecule of mercury, as we shall see later, is supposed to be monatomic, 
and the molecule of sulphur hexatomic. Avogadro’s hypothesis states 
that equal volumes of all gases, at the same temperature and pressure, 
contain the same number of molecules. A. M. Ampere tried unsuccess- 
fully to extend the same hypothesis to solids in 1814. 

Increasing knowledge has made the hypothesis more and more pro- 
bable; it has been tested in hundreds of experiments, and never found 
wanting. The hypothesis has done such good service in giving a rational 
explanation of many different phenomena that it has been accepted as a 
fundamental truth. ^ Avogadro’s hypothesis is the basis of the current 
theory of chemistry. 

§ 3. The Relative Weights of the Molecules. 

In order to bring into harmony all the branches of chemistry, we must have 
recourse to the complete application of the theory of x4.vogadro and Ampere 
in order to compare the weights and the numbers of the molecules. — 
S. Cannizzaro. 

Avogadi'o’s hypothesis has proved to be one of the most suggestive 
and fruitful hypotheses in the development of chemistry. It has corre- 
lated what api^eared antagonistic and contradictory ; it has harmonized 
%vhat seemed discordant and confused, and made Dalton’s atomic hypo- 
thesis a clear, intelligible, and fertile theory. Had it not been for this 
development, Dalton’s hypothesis was in a fair way of being “ sentenced 
to sterility and oblivion ” (x4. Wiirtz, 1887). 

By definition, the relative density of a gas is a number which repre- 
sents how much heavier any volume of the gas is than an equal volume 
of the standard gas — ^generally hydrogen— measured at the same tempera- 
ture and pressure — generally at 0° and 760 mm. |)ressiire. Thus, the 
relative density of steam is 8*95. This means that any volume, say a 
litre of steam, is nearly nine times as heavy as the same volume of 
hydrogen. ^ 

^ Deviations from Avogadro^s l#w are observed with those gases which deviate 
from Boyle’s and Charles’ laws. With hydrogen the deviation is scai'cely notice- 
able ; with chlorine the deviation is about, 1-^ per cent. 

® Strictly speaking, the density of a gaS is the weight of 1 o,e. of the gas at 0° 
and 760 mm. The density of a gas is usually 'expressed in terms of a litre of the 
gas, because the number representing the weight.of I c.o. would be inconveniently 
'small* 
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;; By Avogadro’s hj^'pcthesis, ■'e.q^ual, volumes of gases contain, the same 
number of molecuies, consequently, the relative density of a gas is 
proportional to its molecular weight. For, let n represent the number 
of molecules in a volume v of each of two different gases at the same 
temperature and pressure (Avogadro’s rule), and if the molecules of each 
gas are alike so that the molecular masses of the one gas can be repre- 
sented by mj, and of the other gas by m 2 j then the mass of the one ga-ss* 
will be and of the other, wmg. Let the densities of the two gases 
be respectively and Dg, then, since density denotes the mass of unit 
volume, Di : D^ -=nmifv : nm^jv; that is Di \ Dg = : Wg. 

If we accept this deduction, it enables us to determine the molecular 
weights of gases, once w^e have fixed an arbitrary standard for the density. 
Cannizzaro’s unit : hydi'ogen = 2, is frequently taken as the standard, 
or as Cannizzaro expressed it, “ the quantity of hydrogen contained in a 
molecule of hydrogen chloride ” is taken as unity. The determination 
of the molecular weight of a gas is thus reduced to a laboratory 
measurement— the determination of the relative density of the gas. 
Methods for measuring vapour densities are described in a later chapter. 
The numerical values for the molecular w^eight and the relative density' 
of a gas referred to hydrogen ( == 2) are the same. ^ That is. 

Molecular -^veight = Relative density (Hg — S) (1) 

If the density he determined, as is frequently the case, with reference 
to air = unity, then, since the density of air with reference to Hg = 2 
is 28*7o ; or with reference to Og — 32, 28*98, it foiiow's : 

Molecular weight = 28*98 X Relative density (air =1) . . (2) 

These very important deductions were made by S, Cannizzaro in a 
pamphlet published in 1858. Before tliis stej) was taken, rank confusion 
prevailed in chemical literature. The terms “ atomic weight,” “ com- 
bining weight,” and “ molecular w^eight ” were used and abused in every 
conceivable way. After reading Cannizzaro’s pamphlet, Lothar Meyer 
(1860) said : “ the scales feU from my eyes, my doubts disappeared, and 
a feeling of tranquil security took their place.” 

Cannizzaro gave the following numbers, among others, for the densities 
of the difierent gases referred to hydrogen taken as 2, or to a semi-molecule 
of hydrogen taken as unity ; 

Relative densities. 


Hydrogen 2*0 

Ordinary oxygen . . , . . . . , , . . 32*0 

Chlorine 71*0 

Nitrogen 28*0 

Wiiter vapour . . ... . 18*0 

Hydrogen chloride . 36*5 


If, therefore, the molecules of hydrogen, oxygen, nitrogen, and ciilorine 

^ The student must be careful to note.thaf if the unit be H ™ 1 or O — 10, 
the relative density = molecular v^eight ; or the molecular weiglit ™ 2 x relative 
density. It is imfortunate that these difierent units are emploja^d, even though 
all give the same final result,; „ The questions appended to this and some sub- 
sequent chapters have been compiled, from, different sources, and the different 
units have not been reduced to one uniform system. 
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contain two atoms, tlie atomic weights of these gases will be half the 
respective molecular w'eights. ./'Hence ' 


Table II.— Cannizzako’s Table of Atomic Weights. 


, Element. 

Relative density 
of gas. 

Atomic Weight 
■Density -f- 2. 

Hydrogen , . , . , 

2 

1-0 

Oxygen : ■ . ' ■ , , . . . ' . 

32 

16-0 

Ghiofine . . . . . . 

■: .71 . ■ 

' .35-5 .. ' • 

•Nitrogen.; ■. .■ 

28 

14*0 


In the case of compounds, if the molecule of hydrogen chloride con- 
tains an atom of chlorine and an atom of hydrogen, the molecular weight 
will be 35*0 -|~ 1 = 36*5 ; and the molecule of water vajDour containing 
two atoms of hydrogen and one atom of oxygen, wdil have a molecular 
weight of 16 + 2 = 18, Hence, given the molecular weight of a com- 
pound gas, and the weights of the atoms of all but one of the elements, it 
is possible to compute the weight of the atom or atoms of that element in 
the molecule in question. The mod>us operandi will be discussed in the 
next two sections. 

Avogadro explicitly guarded against the assumption that the number 
of constituent atoms must always be 2. There is really nothing in the 
facts to justify the assumption that the atoms are simple particles. Tor 
all we know to the contrary, the atoms may be clusters of n particles. 
Indeed, we shall soon review some cogent evidence which has led to the 
inference that Dalton’s atoms are not nature’s irreducible minima. 
Even if this inference be valid, each cluster of n particles has a definite 
weight — atomic weight — and enters into and is expelled from chemical 
combination as if it were a simple particle. If an atom be a cluster of 
particles, each cluster, so far as w^e can tell, has up to the present time 
behaved in chemical reactions as if it were an individual particle. 

Problem . — deduce Avogad/rd‘s law from the relation between the 
relative densities and ike molecular iveights of the gases. Let 1/j and l/g 
denote the weights of the molecules of two gases — A and B respectively ; 
further, let ?? and n^ respectively denote the number of molecules in unit 
volumes of the two gases. The weights of unit volumes (Le, the densities) 
of the two gases will be and The observed fact is that the 

molecular weights and M^) of the gases are proportional to the densities 
“tb® gases ; or Mini : ~ Mi : If g, from which it 

follows that in unit volumes of the two gases ni = This is the symbolic 

way of stating Avogadro’s law. Hence, it has been claimed that Avo- 
gadro’ s postulate can be deduced from the relation between the molecular 
weights and the densities of two gases. 

This is a convenient example for cautioning the student not to be misled 
by the apparent precision and vigorous accuracy conveyed to his mind 
by reasoning expressed in mathematical symbols. Some affirm, on the 
strength of the simple demonstration just' indicated, that “ x4.vogadro’s 
hypothesis is true.” The reasoning is perfectly sound, but what about the 
premises, or statements upon which the reasoning is based ? If the 
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studeilt lias, follo.wed the description , of Avogadro’s work, he will see that 
. the aiethod for the determination- of moleciiiar weights tacitly assumes 
Avogadro’s hypothesis is true* ■ Hence, , if the mathematical demonstra- 
tion be employed to prore that Arogadro’s hypothesis is true,” argue 
in a vicious circle. We have assumed in the premises what we sought to 
“'prove ” -in the demonstration. ■ ■ ' 

§ 4, The Formula of Compounds. 

Avogadro’s hypothesis affords a bridge by wMcli we can pass from large 
volumes of gases, which we can handle, to the minuter molecules, which 
individually are invisible and intangible. — ^W. A. Shenstonb. 

Since Cannizzaro’s time, an enormous number of molecular weights 
have been determined by the vapour density method. If the molecule 
cannot be decomposed, we must assume that it is composed of one kind 
of matter only. If the substance is compound, it must be analysed so as 
to find the ratio, by weight, of its component elements referred to the 
oxygen standard (16), Eor instance, suppose that the analysis of a 
gaseous compound furnished : 

Nitrogen 82*35 per cent, j Hydrogen 17*65 cent. 

Using Cannizzaio’s atomic weights, p. 77, oxygen = 16, hydrogen = 1, 
and nitrogen 14, the compound has its nitrogen and hydrogen atoms in 
the following proportion by weight : 

82-35 17-65 

— nitrogen atoms : — — hydrogen atoms. 

That is, 

5‘9 nitrogen atoms : 17-65 hydrogen atoms. 

By hypothesis we cannot have fractions of atoms. The nearest whole 
numbers are 3 hydrogen atoms for one nitrogen atom. Since the sum of 
the atoms in the compound must represent the molecular weight, it follows 
that the molecular weight must be 3w ~r Mn = 17??.. Or the molecular 
weight is 17 X 1 ; 17 X 2 ; 17 X 3 ; or 17/i. The formula is 
NjHgrt. We can get no further until we know the molecular weight. If 
the vapour density of the compound (hydrogen = 2) be 17, the molecular 
weight is 17. Hence, 17 = 11 ov n= 1. The compound analysed can 
therefore be represented by the formula NHg. 

Examples. — (i) As indicated on p. 63, E. W. Morley (1895) found, in some 
careful experiments on the synthesis of water, that : hydrogen used 3* 7 198 grms. ; 
oxygen used 29*5335 grms. ; water formed 33*2530 grms. That is, one part by 
weight of hydrogen combines with 7-94 parts by weight of oxygen to produce 8*94 

S arts by weight of steam. A molecule of steam must contain 7 i atoms of hydrogen, 
eeause parts of an atom do not take part in chemical changes. Hence, n'parts by 
weight of hydrogen per 7-94n parts by weight of oxygen give a jnolecule of steam of 
weight 8*94n.^ This all follows from the atomic theory. To apply Avogadro’s 
hypothesis, with Cannizzaro’s standard, the density of the steam must be deter- 
mined, It lies between 1 6 and 20. , It is difOicult to hetormine the numl>er exactly. 
If n = 1 , the density of the steam molecule will be near 8*94. This does not agree 
with the observed density 16 to ,20. ' If n = 2, the density of the steam will be 
17*88 ; and if n = 3, the def^ity of steam' will be 26- 82. Hence, n = 2. This 
means that each molecule Of water vapour contains 2 atoms of hydrogen, atomic 
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weight I, and one atom of oxygen atomic weight 1o*88 ; or if we make onr unit 
oxygen = 16, the atomic weight of hydrogen will be I* 008. 

(2) Two different compounds have the same ultimate composition, namely s 
carbon 92*31 per cent., hydrogen 7*69 per cent., but the one has a relative density 
26, and the other a relative density 78 (H ~ 2 ). What is the formula of each 
eompomid, ? . There are - 92*31 -f- 12 = 7*7 carbon' atoms per 7*7 'rd ;— 7*7 
hydrogen atoms. But we cannot have fractions of atoms ; hence, dividing by 7*7,, 
we get the ratio 1:1. That is, the formula of the compound is CwH«. The 
molecular weights of this series of compounds is (12 + or i3n, If « = 2, the 
molecular wnight will be 26. Hence, one of the compounds is CgHg, and the other 
is CgHg. 

Ill calculating formulse for substances which cannot be vaporized, 
and one of the methods to be described later cannot be applied, it is usual 
to assume that the molecule has the simplest possible formula. In that 
case the formula is said to be emjiiricat Some prefer to use the term 
“ formula weight ” in place of “molecular weight” •when the actual 
molecular weight has not been determined. The formula weight, like 
the molecular weight of a compound, is the sum of the atomic weights 
of the elements represented by the known or assumed formula of the 
compound. 

Examples.-— (1) 10 grams of pure tin when oxidized in air gave 12*7 grams of 
oxide. What is the formula of tin oxide ? The atomic weight of tin is 119, and 
of oxygen 16. Hence, the ratio : Tin : oxygen = 10 119": 2*7 16 = 0*084 : 

0*17 = 1 : 2 . The formula is therefore wiitten SnOg, although there is nothing 
to show why it is not 811304 ; SngOg ; , . . SnnOo«. 

(2) A sample of crystallized sodium carbonate furnished on analysis 37*2 per 
cent, of NaoCOg, and 62*8 per cent, of HoO. What is the formula of the com' 

S )und ? The ratio NagCOg : HgO =- 37*2 4 *“ 106 : 62*8 4 18 == 0*36 : 3*49 ^ 1 : 10 . 

ence, the formula is^taken as“ NagCOg. lOHgO, although there is nothing to show 
■why it is not some multiple of this, say, nNagCOg.lOwHgO. 


§ 5. The Relative Weights of the Atoms. 

The atoms are so inconceivably little that their aggj’egates are alone the 
ostensible subjects of experiment. — 8 . Bbowx. 

It has already been stated that the conceptions “ molecular weight ” 
and “ atomic weight ” are quite independent of our theories about the 
nature of atoms and molecules ; nor are the conceptions much affected 
by the actual -weights of the atoms and molecules, because the terms under 
consideration are definite expressions of Avogadro’s hypothesis coupled 
with observed facts. It might therefore have been misleading to head 
this paragraph : “ Weighing the xAtoms.” There are reasons for supposing 
that the molecular weight of some compounds in the liquid or solid con- 
dition is a multiple of the molecular weight of the same substance in the 
gaseous condition. The molecule of steam approximately corresponds 
with, the formula figO ; but in liquid water there are reasons for sup- 
posing the molecule is either (H20)3 or (HgO)^, that is, the formula for 
liquid water is not HgO, but either HgOg or HgO 4. 

Refer back to the difficulty in fixing the atomic weight of carbon from 
the ratio of the weights of carbon and oxygen in the two oxides of carbon 
which we encountered in applying Dalton’s atomic theory. Suppose that 
we do not know the atomic weight of carbon, but that we do know the 
composition of a number of volatile carbon compounds as well as their 
relative densities or molecular weights, Table III, 
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Tablje III.— Molegtjlab Weights of some Cabbon Cgmpofnds. 


Volatile compoiind of 1 
■■carbon. 

Composition by weight. 

Molecular 

weight. 

Amount of carbon 
per molecule. 

Carbon .monoxide . 

Carbon 12; oxygen 16 

28 

12 

Carbon dioxide 

Carbon 12; oxygen 32 

44 

12 

Methane . . 

Carbon 12 ; hydrogen 4 

16 

' 12 

Ethylene , . . . 

Carbon 24; hydrogen 4 

28 

12 X ' 2 =. 24 

Propylene . . . . 

Carbon 36 ; hydrogen 6 

42 

12 X 3 = 36 

Carbon disulphide . 

Carbon 12; sulphur 64 

1 ■ '76 ■ 

r . . '■. 1,2 


The sniaUest weight of carbon in a molecule of any of its known com- 
pounds is 12, and consequently this number is assumed to be the atomic 
weight of carbon. The atomic weights of a great number of the elements 
have been determined in a similar manner. 

The actual method used in finding the atomic weight of an element 
thus involves : 

(1) An exact analysis of a compound containing the given element; 

and consequently the compound investigated must be one which 

lends itself to exact analysis. 

(2) The compound must be one which can be prepared in a highly 

purified condition. 

(3) The compound must be volatile without decomposition, so that its 

vapour density can be determined. 

(4) The compound must contain the smallest proportion of the element 

under investigation. This matter maj?' need further amplification. 

In 1894, J. A, Wanklyn claimed to have discovered a series of hydro- 
carbons, one member of which contained carbon 102 parts by weight, 
and hydrogen 17 parts, and had a vapour density?- of nearly 116 (hydrogen 
2), Assuming the atomic weight of carbon is 12, and of hydrogen 1, these 
numbers give formula 03.5111-7. If this statement had been corroborated, 
and we were quite sure that Wanklyn’s hydrocarbons were not mixtures, 
it would be necessary to make the atomic weight of carbon = 6, and write 
the formula of the compound in question and this in spite of the 

fact that thousands of compounds of carbon are known, and all agree with 
the number 12 for the atomic weight of carbon. The formula of carbon 
monoxide — CO — would then be written CgO, etc. But Wankiyn’s claim 
has never been established. 

These remarks emphasize the importance of examining as large a 
number of volatile compounds as possible when fixing the atomic weight 
of an element. If only a small number of compounds be examined, there 
is always a possibility, and perhaps a probability, that the actual minimum 
weight does not occur amongst the set of compounds taken. It follows, 
therefore, that the atomic weight of an element is the least amount of 
that element present in any mo^cule oi all its known volatile com- 
pounds. The value so, obtained is the maximum possible value; the 
real value may afterwards prove to be a submultipie of this. The 
atomic weight must be a whole, multiple or submultipie of its combining 
weight. Owing to the fact that the molecular weights of so many 
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volatile compounds of carbon are known, it is not very probable that 
the atomic weight of carbon is less than 12. 

There are several other methods of computing molecular and atomic 
weights of the different elements. Fortunately, atoms and molecules 
possess other qualities besides mass which are dependent upon their 
“ atomic weights and which can be readily measured. Some of these 
’ivill be described later. 

§ 6. The Elements. 

Every chemical element is regarded as having a distinct natnre of its own, 
which nature, moreover, determines ail its activities.—B. P. Browke. 

What are the best representative values for the atomic weights of the 
elements ?— The best available determinations of the value of the oxygen- 
hydrogen ratio give numbers ranging between 1*005 and 1*008 when the 
standard of reference is oxygen 16. All measurements made by man are 
affected by unavoidable errors of experiment ; and measurements of the 
numerical value of all constants differ within certain limits amongst 
themselves (see p, 28). It is convenient to select one representative 
value from the set of different observations ranging between the limits 
1*005 and 1*008. The majority of chemists have agreed to let the Inter- 
national Committee of Atomic Weights decide w*hat are the best repre- 
sentative values for the atomic weights of all the elements year by year. 
Hence, the generally accepted ratio for the atomic weights of hydrogen 
and oxygen is 1*008 : 16. Every time new and more refined methods of 
measurement are employed, a change — ^generally insignificantly small — 
may be necessary. The student must recognize that the true atomic 
weights cannot be altered by the votes of the majority of the members on 
the International Committee of Atomic Weights. There is an uncertain 
factor in the accepted values of the atomic weights, as there is in ail our 
judgments. Aristotle was no doubt right : “ Nothing can be positively 
known, and even this cannot be positively asserted.” This doctrine, 
however, if rigorously applied, ^vould paralyse all action. Accordingly, 
sound-minded people are accustomed to balance the evidence and then 
act. A careful consideration of all the available evidence considerably* 
reduces the risk of error, and this method, adopted by the Committee, 
appears to be the most satisfactory solution of the problem. 

The atomic weights of a few of the more important elements are in- 
dicated in the table on next page. The numbers are those recommended 
by the International Committee on Atomic Weights. The full table 
appears inside the front cover of this book. 

For ordinary calculations involving the use of atomic weights, all the 
atomic weights, excepting chlorine (35*5), copper (63*6), nickel (58*6), and 
zinc (65*5), are rounded off to the nearest whole numbers. The elements 
just named are then assigned the atomic weights indicated in the bracj:ets. 
Some chemists — G. D. Hinrichs, for example — firmly believe that the 
rounded numbers are the best :j;epresentative values of the atomic weights, 

• and that the small deviations from the rounded numbers indicated in the 
“ International Table ” represent real, if unrecognized, errors of experi- 
ment. In view of the work on isotopes, to be discussed in the concluding* 
chapters, this question has lost its; significance until we have learned to 
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Table IV.— International Atomic .Weights* :0.= 16. 



Aluminium . 

. ■ .* . .'.' .Al ' 

. 27-1 

Iron . . . 

. . ' Fe 

55*84 

Antimony 

, . . Sb 

120*2 

Lead , . . 

A :. ■ :Pb ■ 

207*20 

Ai*senic, , . ■ . 

. * As 

74*96 

Magnesium . 

. ... Mg 

24*32 

Barium ' • * ' . 

. . . Ba 

137*37 

'■ Manganese . 

. . Mil 

„ 54*93 

Bismutli'. . 

. . . Bi 

208*0 

Mercury . 

. • . . Fig 

200*6 

Boron ' ' , ' . 

. . . B 

11*0 

Nickel 

.. ., .Ni 

68*68 

Bromine . . . 

. . . Br 

79*92 

Nitrogen 

. . . N 

■ 14*01 

Calcium . 

. . . Ca 

40*07 

Oxygen . 

. . . 0 

16*00 

Carbon . 

... 0 

12*00o 

Bhosphorus . 

. . . ■ P 

3P04 

Chlorine . 

.; .■ Cl 

35*46 

Platinum 

. . Pt 

195*2 

Chromium . 

. ... Gr.. 

52*0 

Potassium , 

.. . '■.: K 

■39*10 

Cobalt 

. . . Co 

68*97 

Silicon . 

. ■ ' . A Si 

28*3 

Copper . 

. . . Cu 

63*67 

Silver 

, Ag: 

107*88 

Fluorine 

. . , . ¥ 

19*0 

Sodium . 

. ■ Na 

23*00 

Gold. . . 

. . Au 

197*2 

Sulphur . 

. 'A.,, ',„S 

32*06 

Hydrogen 

. . . H 

1‘OOS 

^Tin , ; 

, . . Sn 

118*7 

Iodine . • 

, . . I 

126*92 

Zinc . 

. ■ Zn 

' -65*37 


interpret tlie fact that many of the atomio weights at |)resent accepted are 
averages of mixtures of two or more different kinds of atoms which at 
present are given the same name, although they have slightly different 
atomic weights. So far as has yet been observed, these atoms cannot be 
distinguished from one another by any chemical process yet tried. 

Why is oxygen = 16 taken as the standard? — During the latter 
part of the 19th century, J. Dalton’s (1803) standard, hydrogen — 1, 
w^as used for the atomio weights instead of oxygen =16. H^^-drogen 
was selected because it is the lightest element known. J. S. Stas (1860-65) 
pointed out that the determination of the atomic weight of an element 
should be connected with the standard as directly as possible. Very few 
compounds of the metals with hydrogen are suitable for an atomic weight 
determination, w'hile nearly all the elements form stable compounds 
with oxygen. Hence, if hydrogen be the standard, it is necessary to find 
the exact relation between the given element and oxygen, and then cal- 
culate what that relation would be on the assumption that the relation 
between hydrogen and oxygen is known. Every improved determination 
of the relation between hydrogen and oxygen w^ould then be followed 
by an alteration in the atomio weight of every other element wdiose value, 
•with respect to hydrogen as a standard, has been determined by the in- 
direct process just indicated. The determination of the exact relation 
between hydrogen and oxygen appears to be more difficult than many other 
determinations, and hence, the majority of chemists think it better to 
refer the atomio weights of the elements to oxygen = 16 as the standard 
instead of making the atomic weights depend on the more or less uncer- 
tain relation H : 0. The standard oxygen = 16 is quite arbitrary. 
T.Thomson(1825) used oxygen = 1; W. H. W^ollaston (1814), 10; J. S. Bias 
(18&' 65), 16 ; and J. J. Berzelius (1830) used oxygen = 100 as standard. 
The latter number makes the .atomic weights of many elements incon- 
veniently large, and if the atomic weight of oxygen be any whole number 
less than 16, fractional atomic weights will be* required. The use of the 
* ‘‘ oxygen- 16 ” unit involves the least change in the numbers which were in 
yogue when “ hydrogen-unity'’’-, was the standard, • 
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' Division of the elements into metals and non-metals. — ^It is, often 
convenient to divide the elements into two groups : metals and non-metals. 
Like moat systems of classification an exact subdivision is not possible, 
because some elements exhibit properties characteristic of both classes. 
Very, roughly,.', the., properties of the .metals can be contrasted against the 
properties of the non-metals as indicated in the subjoined scheme : 

Table /V.— The , Pbopeeties oe the Metals ahd 'Non-metals conteasted. 


Metals. 


Non-metals* 


' I, „ Form basic oxides. 

2. G enerally dissolve in mineral acids, 

giving off hydrogen. 

3. Either form no conipomids with 

hydrogen, or form unstable com- 
pounds — usually non-volatile. 
Solid at ordinary temperature (ex- 
cepting mercury). 

Usually volatilize only at high 
^ temperatures. 


6. When in bulk the metals reflect 

light from polished or freshly cut 
surfaces. 

7. Specific gravity is generally high. 

8, Good conductors of heat and elec- 

tricity. Electrical resistance 
usually increases with rise of 
temperature. 

9, More or less malleable and ductile, 

10. Molecules usually monatomic in 
vaporous state. 


1. Form acidic oxides. 

2. Do not usually dissolve easily in 

mineral acids. 

3. Form stable compounds with 

hydrogen — ^ these are usually 
volatile. 

4. Gases, liquids or solids at ordinary 

temperatures. 

5. Excepting carbon, boron, and 

silicon, the non-metals are either 
gaseous or volatilize at low 
temperatures. 

6. Do not usually reflect light very 

well. 

7. Specific gravity generally low, 

8. Bad conductors of heat and elec- 

tricity. Electrical resistance 
usually decreases with rise of 
temporature. 

9. Malleability and ductility are not 

well defined. 

10. Molecules usually iwlyatomic in 
vaporous state. 


To show how difficult it is to draw a hard-and-fast line of demarcation 
between metals and non-metals, the non-metals arsenic, antimony, and 
tellurium would be classed with the metals if we depended exclusively 
upon 6, 7, and 8 ; hence, some introduce a third division — ^the metalloids 
— ^to include the hybrids, or elements which have properties characteristic 
of both the metals and the non-metals. The metals lithium, sodium, 
potassium, magnesium, and aluminium have a low specific gravity. The 
non-metals carbon, boron, and silicon are less volatile than most metals. 
The non-metal hydi’ogen is a good conductor of heat ; and the non-metal 
graphitic carbon is a good conductor of heat and electricity. Hence the 
division of the elements into metal and non-metals is but a rough system 
of classification, arbitrarily adopted because it is convenient. 

In all systems of classification, the attempt is made to bring together 
in one group the things which are ahke in general properties, and to 
separate those -which are unlike? The attempt to group the elements by a 
code of definitions is foredoomed to failure; There is a seductive simplicity 
about a definition which may be attractive, but it is artificial and often 
misleading. As T. Gampaneila (1590) expressed i-t : Definition is the 
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end and epilogue of science. It is not the beginning of onr knowings but 
only of onr teaching.” 

, § 7. The Relation between the Molecular Weights and the . Volumes 

of Gases, ■ 

The theory of molecules is an ideal conception placed by the mind like another 
Atlas underneath a measureless world of facts to give them intelligible 
cohesion and hold them up to view. — S. Bbown. 

The molecular weight of any gas is numerically equal to the weight of 
any volume of the gas when the weight of an equal volume of hydrogen 
under the same physical conditions of temperature and pressure is 2. Two 
grams of hj^drogen, taken as the standard, occupy 22-3 litres at normal 
temperature — ^O^—and normal pressure — 760 mm. of mercury. Hence, it 
follows directly from Avogadro’s hj^'pcthesis that the molecular weight 
of any gas, expressed in grams, occupies, approximately, 22*3 litres 
at 0^ and 760 mm. pressure. Consequently, to find the molecular 
weight of a gaseous substance, weigh 22*3 litres of the gas at a con- 
venient temperature and pressure ; calculate the corresponding volume 
at 0° and 760 mm. pressure, and calculate by proportion the weight of 
22*3 litres. 

Exampli?:. — A litre of gas at 20° and 730 mm. weighs T764 grams : what is the 
molecular weight of the gas ? By the method of calculation indicated in the next 
chapter, one litre of a gas at 20° and 730 mm. pressure contracts to 8M’5 c.c. 
at 760 mm. and 0°. Hence, if 894*5 c.c, weigh 1‘764 pams, 22*3 litres will weigh 
43*97 grams. Hence the molecular weight of the gas is nearly 44. 

It must here be mentioned that the number 22*3 is not quite right for 
ail gases. Many gaseous molecules have a slight attraction for one 
another, so that the molecules are slightly more closely packed than is 
represented by Avogadro’s hypothesis. The greater the intermolecular 
aftraction, the greater the weight of 22*3 litres, and consequently, the less 
the volume of a molecular weight of the gas expressed in grams. Thus, 
experiment shows : 

Hydrogen Carbon Steam 

Hydrogen Oxygen Nitrogen Chlorine chloride dioxide (0°,7G0 mm.) Mercury 

22*40 22*39 22*45 22*01 22*22 22*26 22*39 22*55 

The deviation from 22*3 can be neglected in ordinary chemical calcula- 
tions. 

The molecular weight of a compound not only tells us a weight, but it 
also tells us that if the molecular weight be expressed in grams the gas 
will occupy 22*3 litres at 0° and 760 mm. Further, the molecular weight 
of a gas, expressed in kilograms, occupies, approximately, 22' 3 cubic 
metres at 0° and 760 mm. pressure. By mere chance, the number of 
avoidupois ounces in a kilogram is 35*26, which is very nearly the same 
as the number of cubic feet in a cubic metre (35*31 ) — J. W. Richards. The 
difference is only one-seventh, of one p^* cent. Hence, the molecular 
weight of any gas, expressed in avoirdupois ounces, occupies approxi- 
mately 22*3 cubic feet at 0° and 760 mm. pressure. These factors are 
useful in calculations involving cubic feet, cubic metres, and litres. 
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§ 8. Chemical Equations and Chemical Arithmetic. \ 

In his calculations, the chemist relies on the supposed mimerical relations 
of the invisible, intangible, and immeasurable particles he calls atoms. 
These relations have been determined by others in whom he has confidence, 
and the accuracy of these constants has to be accepted on faith. — H. C. 

. Bolton. , 

All (chemical) change is an effect of the union or separation of atoms. — 
Ltjcretiits. 

When the initial and final products of a chemical reaction as well as 
the composition and proportions of the molecules concerned in the reaction 
are known, the facts can usually be symbolized in the form of a chemical 
equation. There are some limitations which will be described later. 

1. The molecular weight of an element or compound is the sum of 
the atomic weights of all the atoms of the constituent elements.— 
Thus, if the atomic weight of oxygen is 16, of hydrogen 1, of nitrogen 14, 
of sulphur 32, and of iron 56, the molecular weight of water, HgO, is 18 ; 
that of sulphuric acid, 98 ; and that of ferrous ammonium sulphate, 
EeS 04 .(NH 4 )aS 04 . 6 H 20 , 392~since 56 + 32 -f- 4 x 16 + 2(14 -K 4) 
4- 32 H- 4: X 16 + 6(2 + 16) = 392. 

2. The equation indicates the nature of the atoms and the supposed 
composition of the molecules concerned in the reaction; as well as 
the proportions of the different molecules in the initial and final 
products of the reaction. — For instance, when mercury is heated in air, 
and mercuric oxide, HgO, is formed, the reaction can be represented in 
symbols : 2Hg + Og ~ 2HgO. We here ignore the nitrogen of the air 
because, so far as we can tell, it plays no direct part in the chemical 
reaction. Similarly, when mercuric oxide is heated to a high tempera- 
ture, it decomposes, forming metallic mercury and oxygen. In symbols, 
2HgO = 2Hg + Og. The symbol “ = ” is used instead of the words 

produces ’’ or “ forms,” and the symbol “ + ” is used for “ together 
with ” on the right side of the “ = ” sign, and for “ reacts with ” on the 
left side. The latter equation reads : “ Two molecules of mercuric oxide, 
on decomposing, produce a molecule of oxygen and two molecules of 
monatomic mercury.” The number and kind of the atoms of the two 
sides of the equation must always be the same (persistence of weight). 

3. The equation indicates the proportions by weight of the 
substances concerned in the reaction. — ^The atomic weight of mercury 
is 200, and the atomic weight of oxygen is 16, hence, the molecular weight 
of mercuric oxide is 216, and of oxygen 32. The latter equation can 
therefore be read : “ 432 grams (ozs. or tons) of mercuric oxide, on decom- 
posing, form 32 grams (ozs. or tons) of oxygen gas and 400 grams (ozs. 
or tons) of metallic mercury. Hence, the chemical equation can be 
employed in ail kinds of arithmetical problems dealing with weights of 
substances formed or produced. 

Exa-MPLES. — ( 1) How much mercuric oxide is required to furnish 20 grams of 
oxygen gas ? Write down the proper equation ; ■ write 432 below the mercuric 
oxide, arid 32 below the oxygen. We ar© not concerned with the mercury in this 
problem. Since we read, from the Equation 32 grams of oxygen are furnished 
by 432 grams of mercuric oxide, 1 gram of oxygen will be furnished by 432 — 32 
™ 13*5 grams of mercuric oxide ; and ,20 grams of oxygen will come from 20 X 
13*5 — 270 grams of mcrcmdc oxide. 

(2) How much oxygen can be obtained from 30 grams, of mercuric oxide? 
Answer : "2| grams. ' ' ■ ' ' 
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4. The equation indicates the proportions hy , ¥olume' : of the 
gases concerned in the reaction.— We have seen in the preceding section 
that if we express' / , 

• V'okime. at 0° and 760 mm. 

Molecular weights in per molecular weight. 

Grams . . . ' •' . 22*3 litres. 

Kilograms ' . •' 22*3 cubic metres. 

' Ozs.' (avoir.) 22*3 cubic feet. 

Consequently, we can express the idea conveyed by the equation, 
3HgO, ~ Og ,+ 2Hg, in these .words : “ 432 grains (kilograms or ,ozs.') of 
mercuric oxide will furnish 32 grams (kilograms or ozs.) of oxygen, or 
22-3 litres (cub. metres or cub. ft.) of oxygen gas at 0° and 760 imn., and 
400 grams (kilograms or ozs.) of mercury.” 

Examples.—- ( i ) What volume of oxygen will be obtained by heating 30 grams 
of mercuric oxide ? 432 grams of mercuric oxide will furnish 22;3 litres of oxygen, 
gas, hence 30 grams will furnish 30 X 22*3 -f- 432 ^ 1*55 litres of oxygen gas at 0® 
and 760 mm.'pressiire. 

(2) How much mercuric oxide will be needed for 10 cub. ft. of oxygen gas at 
0®.nnd 760 mm. pressure ? Here 22*3 cub. ft. of the gas com© from 432 ozs. of 
mercuric oxide, hence 432 X 10 -r- 22*3 =; 193 ozs., of 12 lbs. 1 oz. of mercuric 
oxide are required. 


§ 9. The Relation between Atomic and Combining Weights— Valency. 

^?hen the formulse of inorganic compounds are examined, even a superficial 
observer* is struck by their general symmetry. Without ofi’ering any 
hypothesis as to the cause of this symmetrical grouping of the atoms, it 
is sufficiently evident that such a tendency exists, and that the combining 
power of the atoms of the attracting elements is alwayvS satisfied by the 
same number of atoms without reference to the chemical behaviour of the 
uniting atoms.— E. Ebanklaxd. 

Observation shows that the relative combining weights of oxygen and 
hydrogen are very nearly as 0 : H = 8 : 1 ; and that the atomic wreights 
of oxygen and hydrogen, deduced from the atomic theory and Avogadro’s 
hypothesis, are very nearly as 0 : H = 16 : 1. In fine, the atomic weight 
of oxygen is twice its combining weight. Eor carbon in carbon dioxide 
we have the combining weight 3, while the atomic weight of carbon is 12, 
that is, the atomic weight of carbon is four times the combining w^eigiit. 
In the case of hydrogen and chlorine the atomic and combining weights 
are the same. The number of times the combining weight or equivalent 
is contained in the atomic weight is caked the valency of the element. 
Hence, 

Atomic weight 


Combining weight ' 


> Valency, 


This means that when the combining or equivalent weight of an element 
is multiplied by an integer representing the valency of the element, the 
product is the atomic weight. 

The meaning of valency can be represented another way, for valency 
also represents a “ habit ” of an elementt*for combination ; it has nothing 
to do with the force holding the atoms together. The valency of an 
element is obtained by finding-^directly or indirectly — ^how many atoms 
of hydrogen can combine ydth or be replaced by an atom of the given 
element. The valency of hydrogeh is always taken as unity. Hence the 
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definition: The valency of an element is a number which expresses how 
many atoms of hydrogen, or of other atoms equivalent.to hydrogen, 
can unite with one atom, of the element in question. ' 

Nomenclature. — -Witli hydrogen and chlorine the atomic and com- 
..bining' weights are the same, and '.the valency is unity. , These, elements ■ • 
are' according,ly' said to, be .univalent, or monads,;., for similar ■ reasons ' 
oxygen is bivalent, or a dyad ; nitrogen is tervalent, or a triad ; and 
carbon is quadrivalent, or a tetrad. 

The valency of an element is frequently represented bj’ attaching the 
necessary number, in dashes or Roman numerals, to the top right-hand 
corner of the symbol for the element, as suggested by W. Odling in 1855. 
Thus, the symbols and CP respectively mean that hydrogen and 
chlorine are univalent ; 0'^ means that oxygen is bivalent ; N^*^ means 
that nitrogen is tervalent ; and that carbon is quadrivalent. By 
collecting together a few compounds with their symbols, the idea can be 
made clearer. 

Univalent, Bivalent. Tervalent. Quadrivalent. Quinquevalent. Sexivaleiit. 

H’^CP Ho^O” H3^N^« 

Na^CP Mo^ClP 

KT^ Mo^Cl4 Mo'’Cl5^ 

Some heptads and octads are known. The elements generally combine 
in such a way that an equal number of valencies are opposed to one 
another. 

Structural, graphic, or constitutional formulse. — ^The valency of an 
element is sometimes represented by attaching the necessary number of 
hyphens to the symbol for the element. This enables the molecules of 
a substance to be represented by a kind of graphic formula. The symbol 
for hydrogen will have one hyphen ; oxygen, two ; nitrogen, three ; 
carbon, four ; etc. The symbol for hydrogen chloride then becomes 
H — Cl ; potassium iodide, K — I ; water, H — 0 — H ; mercuric oxide, 
Hg~0; a molecule of Iiydrogen, H— H; a molecule of oxygen, 0—0; 
carbon dioxide, 0— C=0 ; and 


H-N<i 


Q l’e=0 
^<Fe=0 
Ferric oxide. 


Methane. 


Accordingly, the term “ bonds or “ links ” is sometimes employed 
instead of “ valencies.” ^ 

Graphic formulm are also called structural or constitutional formulae. 
Structural form nice primarily assume that the chemical properties of a suh-^ 
stance are determined by the arrangement of the atoms in the molecules ; and 
if the 9nolectdes of tioo coinpounds of the same chemical composition have 
their ato7ns differenlly arranged, the properties of the two compounds will he 
different Graphic formulse are sometimes very convenient for representing 
the composition of compounds, but the student would err rather seriously 

^ The hyphens are generally attached so that the graphic formula occupies as 
little space as possible. I believe A. S. Gouper first used linking bars between the 
symbols of the combiniiig elements in 1858 ; and the present system developed in 
its present form through the work of A, Iiektil4 ;(1859), Brown {1865), and 
,E. Frankkuid (1866). , ' / , ; ’ . , ; 
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if he supposes that the symbol given above for, say, methane represents 
the way the atoms are actually grouped in the molecule of methane. 
This would involve a leap far beyond our real knowledge. In some cases, 
however, the little knowledge "we do possess can be better summarized by a, 
graphic formula than in any other way, and the graphic formula furnishes 
a clearer mental image of the curious way certain groups of atoms remain 
clustered together through a complex series of chemical changes than if 
the reaction were represented by ordinary symbols. ‘‘Hence,” said 
J. F. Heyes, “ the language of valency is useful in focussing the mysteries 
enshrined within the chemical molecule.” A graphic formula is thus a 
kind of “dummy” model to illustrate the way a compound is formed, 
how it decomposes, and the relations between one compound and another. 
The student must not believe for one moment that the model simulates 
reality. The remarkable work which has been done by the aid of structural 
formulae will always justify their use in the past and present, whatever 
future generations may think of them. ^ There are, however, many com- 
pounds which do not fit the valency hypothesis very well. When experi- 
ments are guided by a wrong theory, only those things sought are likely to 
be found. The hypothesis may not have any counterpart in nature, and, 
as A. G. V. Harcourt has said, if a chemist were to depart from the general 
course, and attempt to prepare compounds not indicated by theory, he 
would perhaps obtain results of more than usual interest. 

Maximum and active valency.— -Most elements have more than one 
valency. Stannous oxide has a composition corresponding with SnO, 
and stannic oxide, SnO 2 . In the former case the tin is said to be bivalent ; 
and in the latter, quadrivalent. There are thus two series of tin com- 
pounds — stannous and stannic. , Similarly with copper, iron, etc. There 
are also two carbon oxides, carbon monoxide, CO, and carbon dioxide, 
CO 2 . If carbon monoxide could be written 0==C=C=0, and there is 
nothing in the analysis by weight which prevents this, all might be well ; 
but witting the formula in this manner would involve a contradiction of 
Avogadro’s hypothesis, since the vapour density of carbon monoxide 
corresponds with the molecule CO, not C 2 O 2 . We cannot see the way clear 
to admit carbon monoxide as an exception to Avogadro’s hypothesis, 
for that would introduce confusion into our system, and there would be 
no immediate prospect of restoring order. Some get over the difficulty 
by assuming that two of the free valencies in carbon monoxide mutually 
saturate one another, and write the graphic formula 0=C<^j ; others 
assume that oxygen is quadrivalent, and write C = 0. the ease 

^ The student will find valency to be a useful aid in remembering the com- 
position of compounds of different elements. Given the valency of 12 elements, 
each of which can form one compound with 12 other elements of known valency, 
it is possible to write down the formulsB of 144 compounds which would be very 
probably in harmony with the known laws of chemical combination. It would 
be said that MgCi is not a probable compound of magnesium and chlorine, nor is 
MgClg ; the correct way of writing the combination is MgClg. The student should 
therefore remember the valency of each element he studies ; and in that way. 
much that appears confused and disorderly'^will seem methodical and regular. 
The valency of an element may be recalled by reference to its compounds with 
other elements of known valendy., . Thus, the chemist does not memorize valencies 
themselves, but recovers them when needed by recalling a familiar compound or 
compounds. If the valency of mag'nesium were forgotten and magnesium chloride, 
MgCig, were remembered, thdn, if chlorine be univalent, magnesium is bivalent. 
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of sulpliur bivalent in hydrogen sulphide, H— S— H; quadrivalent in 
sulphur dioxide 0=S=0 ; and sexivalent in sulphur trioxide : ^^8=0, 

^ fits very well into this scheme. So do the series of compounds represented 

by ethane, CgHe J ethylene, C 2 H 4 ; and acetylene, C 2 H 2 , which are 
respectively represented by the graphic formulae : 

i^C— c^i ®>C=C<® H— C=C-H 

h/ \h 

Ethane. Ethylene. Acetylene. 

It has been supposed that valency is a “ fundamental property of the 
atom which is just as constant and invariable as the atomic weight A. 
Kekule ; and further that each element has a maximum valency 
W" towards certain other elements. When an element in a compound. 

appears to have a lower valency than its maximum valency, the compound 
is said to be an unsaturated compound, in contrast with a saturated 
compound in which the atoms are exercising their maximum valency. In 
many iinsaturated compounds the valencies appear to diminish in pairs. 
The pairs of “ sleeping valencies ” or latent bonds ” are supposed to be 
seif-saturated. As a matter of fact, the hypothesis of the seH-saturation 
of the bonds in pairs breaks down completely. The idea probably arose 
from the application of an inaccurate hypothesis which is stated in some 
of the older books on chemistry in words like these : “All chemical 
evidence shows that a body wdth unsatisfied bonds cannot exist by itself.” 
All chemical evidence, as we shall see, shows nothing of the kind. Mercury 
and many other elements, when vaporized, give gases with one-atom 
molecules. 

The principle of self-saturation breaks down when applied to the 
; nitrogen oxides, say The relative density of the gas (Avogadro’s 

: hypothesis) will not let us write N 2 O 2 , that is, 0—N— N=0. We 

k are therefore confronted with what appears to be an odd unsaturated 

F valency in the molecule —N—O. Again, molybdenum forms a series 

} .of compounds with univalent chlorine or fluorine —MoClg, M 0 CI 3 , M 0 CI 4 , 

M 0 CI 5 , and MoPg ; and vanadium foimis VCL,, VCig, VCI 4 , and VCI 5 . In 
view of facts like these, it is difficult to maintain the thesis that the apparent 
inconstancy of the valency of an element is due to the mutual “ saturation ” 
of pairs of valencies. Either a molecule can exist wdth free valencies, or 
Kekul 6 ’s maximum valency hypothesis breaks down when confronted with 
facts. 

A great many ingenious hypotheses, more or less satisfactory, have been 
suggested to explain the difficulties. At present we are compelled to 
frankly admit wdth W. Lessen (1880) and A. Claus (1881) that the active 
valency of an element is a variable habit of combination. An explana- 
^ tion of the meaning of valency is thus left open. To distinguish between 

the greatest valency an element is known to exhibit, and the valency 
which actually prevails in a ]^rtieular compound, the terms maximum 
valency and active valency may be respectively employed. So far as 
, [ we can see, the active valency of an element is dependent upon the 

I properties of the atoms of the other elements with which it is com- 

; 'bined, m well as on the prevailing physical and chemical conditions 
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to which the element is exposed. Indeed, active valency has been 
compared with friction in so far as it appears to be called into play by 
external causes which may vary from zero upv/ards. 

Effect of external conditions on the valency of an element.~~We 
have just stated that the valency of an element is determined by the 
physical and chemical conditions under which the element is placed. For 
instance, valency generally diminishes with rise of temperature, 
sulphur trioxide, SO3, when heated dissociates into sulphur dioxide, SOg, 
and oxygen ; and carbon dioxide, CO2, into carbon monoxide, CO, and 
oxygein Changes in the valency of an element are often induced by 
oxidizing or reducing agents. Thus, ferrous chloride, FeClg, is oxidized 
to ferric chloride, FeClg, by the action of ]i3rpochlorous acid, HCIO : 

SFe^^Cls, + HCl -f HCIO - 2Fe^^^Cl3 H- H.^0 

and, in aqueous solution, ferric chloride is reduced to ferrous choride by 
the action of sulphur dioxide 

2Fe“^Ci3 + SO2 + 2H2O - 2Fe«Cl2 + 2HCi + 11^0^ 

At the same time, it will be noticed, the sulphur dioxide is oxidized to 
sulphur trioxide S'^02 + 0 = Hence, oxidation usually involves 

an increase in the valency of an element, and reduction a decrease. 
This subject is discussed later. 

History. — In the early days of the atomic theory, atoms were all sup- 
posed to have an equal capacity for combination with one another. With 
the growth of the idea of multiple proportions, and the custom of referring 
the constitution of compounds to certain types — HCl, HgO, HgN, H4C — 
supposed to be fundamental, the idea of valency gradually became clear, 
and it was specially emphasized by E. Frankland in 1851. 

Various terms w^ere used for “ valency ” during the clarification of the 
concept — e.g., “saturation capacity,” “combining capacity,” “affinity 
units,” “affinity of degree,” “basicity,” “atomicity,” etc,^ A. W, 
Hofmann employed the term “ quantivalency ” in 1865 ; and this was 
shoi’tened to ‘ ‘ valency ” by H. Wichelhaus, in 1868. The term “ valency ” 
(or “ valence ”) is now in general use. 

§ 10. Radicals or Radicles. 

For the cheiniwt, each molecular compound is proximately made up of less 
compoimd atoms which are indivisible by forces which can divide their 
product, and these in turn can be separated by chemical agents into simple 
atoms. — S. Beown. 

In 1815 J. L. Gay-Lussac, after studying the properties of hydro- 
cyanic acid, reported cyanogen, CN, to be “ a remarkable example, and at 
present a unique example, of a body which, although a compound, plays 
the part of a single body in its combinations witli hydrogen and the 
metals.” Since then a great number of similar groups have been found. 
For eonvenienee, they are commonly called “ radicals,” or, following the 
custom of the Londoxr Chemical Society, “ radicles.” The word “ radical ” 

^ The term “ atomicity is best reserved to express the number of atoms in 
the molecule of an element j, and “ basicity ” for the number of stages in which 
the replaceable hydrogen of an acid can be substituted by a metui. 
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was preYloiisIy employed by G. de.Morveau and by /A. L. Lavoisier with 
a different meaning. The definition: a radicle is a group of atoms 
whicb can,' enter into and be expelled from combination without itself 
undergoing decomposition, is virtnaffy that given, by »J. von Liebig 
in 1838. Each radicle has its own valency ; each acts as an unchanging 
■constant in, a series of compounds ; and each can be replaced by an element 
or elements, of like or equivalent valency, A few examples of radicles 
of dif erent valency may be quoted : Monad radicles— OH, CK (generally 
written Cy ”), H 03 ,'NH .4 (sometimes written “ Am ”), CHg, etc, ..Dyad 
radicles~S 04 , SOg, COg, SiOg, etc. Triad radicles— PO 4 , Fe^Cy^, 'etc. 
Tetrad radicles — ^Fe^Cyg, SiO^, etc. In very few oases has it been possible 
to isolate the radicle, but the definition has nothing to say about the in- 
dependent existence of radicles. “ Badicles, ” said A. Kekule (1858),“ are 
not firmly closed atomic groups, but they are merely aggregates of atoms 
placed near together which do not separate in certain reactions, but fail 
apart in other reactions.” For convenience, the term “ radicle ” is some- 
times applied to an atom in a compound which can be replaced by another 
atom or radicle without a further change in the nature of the compound ; 
in that case, the radicle is said to be a “ simple radicle ” in contrast wdth 
“ compound radicles,” which are “ groups of atoms.” 

Questions. 

For drilling students in the arithmetic of chemistry, it is best to use a special 
book, e.g. 8. Lupton, “ Chemical Arithmetic,” London, 1892 ; K. L. Whiteley, 
“Chemical Calculations,” London, 1892 ; J. Waddell, “The Arithmetic of 
Chemistry,” New York, 1899 ; C. Baskerville and W. L. Eastabrooke, “ Pro- 
gressive Problems in General Chemistry,” New York, 1910 ; C. J. Woodward, 
“Arithmetical Chemistry,” London, 1895 ; H. W, Bausor, “Chemical Calcula- 
tions,” London, 19H ; etc. A number of arithmetical problems are scattered 
among the questions appended to subsequent chapters of this book. 

1. Describe experiments which illustrate the law of combination of gases 
by volume. It was at one time thought that this law was accounted for by 
assuming that “ equal volumes of all gases at the same temperature and pressure 
contain the same number of atoms.” What facts show that this assumption is 
incorrect ? What hy}DOthesis is now accepted ? — Univ, North Whales* 

2. State some of the facts relating to the union of gases by volume. State 
the law of combining volumes. Who discovei'ed the law ? What Iiypothesis 
was jjropounded to account for the facts underlying the law ? What important 
conclusion follows from this hypothesis ? — Princeton Univ.^ LLS,A, 

3. It is usually stated that the %’’aleney of an element, when variable, differs 
by two units. Thus the valency of carbon is expressed by the numbers 
2 and 4 ; and of phosphorus 3 and 5. Mention any exceptions to this law and 
discuss their beai'ing on the hypothesis that the valency of a body is a fixed and 
definite quantity . — London XJniv. 

4. A tube contains 45 c.c. of hydrogen and 20*26 c.c. of oxygen, at a tempe- 
ratux’e of 120° C. In what respects do the contents differ from steam at the 
same temperature ? What effects would be observed on passing a spark through 
tlie mixture. — Cambridge Senior Locals. 

5. Formerly the atomic weight of oxygen was reckoned as 100. With this 
standard calculate the atomic weight of hydrogen.— -Col?. 0/ Preceptors. 

0. Discuss the question whether H~lorOi=16 should be used as the 
standard for the atonuc weights. — Board of JBduc. 

7. Which of the following gasSs are lighter, and which are heavier than air 
O2, CO, CH4, NHg, SOg, HgS ? Calculate the weight of 10 litres of CO^ at N.T.P. 

- — Board oJE due. ** , 

8. Show that the symbol HgO best represents the formula for water quite 
independent of the atomic theory. . Hints. The combining weights of hydrogen 
and oxygen in water are as 1 : S |i / or ,2 : 1.6 ; etc,. The formula weight of a gas 
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is the weight in grams of 22*3 litres of tile gas at standard temperature and 
pressure. This gives a value approaching 18 as the formula weight of water. 
Experiment also gives 32 as the formula weight of oxygen, Og, when the formula 
weight of hydrogen Hg 2 & taken standard of reference. The formula 

weight of a compound'^ is the sum of the symbol weights of the elements in the 
formula of the compound. The combining volumes of hydrogen and oxygen 
are as 2 : 1. The only possible formula for water, consistent with these con- 
ditions is HoO. If the formula were HO, the equivalent formula weight would 
be 17 ; if H3O, 19; if H4O, 20; if H2O, 33 r etc. Hints — hydrogen may be 
removed in two stages, the oxygen only in one stage- 

9. Name two important respects in which metals differ from non-metals. 
Name an element which may be regarded both as metal and as non-metal, and 
give some of the reasons . — Pfimeton Unw,,XJ.S.A. 

10. Explain ill words the precise meaning of the expression “ Mg -f H2SO4 
=:'MgS04 + H./’ (Mg=:24,-S,=«-32, O ==.16), Punjab Vnw» 

11. According to C. R. A. Wright (1874), “ neither the molecular theoiy nor 
the atomic theory, generally so-called, is taken for granted in the formation of 
chemical equations.” Discuss this quotation. 

12. What properties may be regarded as characteristic of metals generally ? 
What do you understand to be the meaning of metalloid 't'— London llniv, 

13. What is meant by the “ equivalent ” of an element, and what relation does 
it bear to the atomic weight ? — London Vniv, 

14. State the general characters of metals as a class, and show in what respects 
they differ from the non-metals.— -te'ence and 

*15, Explain the reasons for believing that “ the molecular weight of any gas 
is twice its density compared with hydrogen .” — -Madras Unw, 

16. If an unknown element were given to you, and you were asked to find out 
whether it should be classed as a metal or non-metal, how would you proceed ?— 
Lojidon Vniv, 

17. An element maj^ exhibit several combining or equivalent weights, but only 
one atomic weight. Explain this phenomenon clearly and briefly. 



CHAPTEE V 

The Physical Properties of Gases 


§ 1. The Atmosphere, 

The generality of men are so accustomed to judge of things by their senses 
that because air is invisible they ascribe but little to it, and think of it as 
but one remove from nothing. — R. Boyle (1673). 

The atmosphere in which we live and breathe is really a part of the 
globe on which we stand. We are not surrounded by mere empty space. 
On the contrary, we live and move at the bottom of a vast ocean of air, 
which is just as material as the water which surrounds the fiat-iish living 
at the bottom of the sea. Air was once considered to be a thin, pellucid, 
evanescent, inscrutable, and itnponderable spirit — the spirit of life. Even 
to-day, air is still used as a symbol for what is spiritual and divine; but 
to early man the analogy between the impalpable breath of the physical 
heavens and the inscrutable spirit of God was very real. It was quite 
a long time before air was recognized to be a gravic material essentially 
ponderable like earth and sea. 

The physical properties of air were studied long before its chemical pro- 
perties were investigated. Anaxagoras, who lived about the sixth century 
B.C., cited two experiments to show that air is material : (i) A blown 
bladder resists compression, and (ii) the inside of an inverted drinking- 
glass when plunged beneath the surface of water remained dry, showing 
that the presence of air prevented the ingress of the water. These are 
among th earliest experiments on record. 

The terms “ atmosphere ’’ and “ air ” are synonj^moiis and interchangeable, 
but the word “ air ” is often used when reference is made to a limited portion of 
the atmosphere. The word “ air ” was formerly used in the same genei’al sense 
that the word “gas” is to-day. Later, the meaning of the word “air” was 
narrowed to “ the atmosphere.” The word “ atmosphere ” is derived from the 
Greek drfios (atmos), vapour ; o^alpa (sphaira), the sphere. The term “ atmo- 
sphere ” is also applied to the gaseous envelope or medium sui’rounding any body, 
whatever be the nature of the gas — air, oxygen, carbon, dioxide, etc. Hence the 
term “ atmospheric air ” is often used to emphasize the fact that “ air ” is the 
enveloping medium. 

The weight of air. — ^Aristotle (384 B.c,), in spite of some confused 
ideas on the nature of gases, considered air to he a material substance 
which possessed weight, because a blown bladder weighed less when empty 
than when filled with air; but Simplicius, a writer of the sixth century, 
commenting on Aristotle, said that Ptolemy showed that air has no weight, 
when weighed in air, and that Aristotle’s conclusion was vitiated by the 
condensation of moisture in the bMder derived from the air blown from 
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the iiings during the inflation of the bladder. Near the beginning of the 
second century. Hero'' of Alexandria described some experiments' to prove, 
that air is a material substance. For instance he. said : If we invert 
the open end of a vessel, having but one opening, in water, the water does 
not enter ; if a hole be now bored in the upper part of the vessel, water 
rushes in, and an escapes, as may be felt, for if w^e place our hand 
over the orifice, we perceive a rush of wind which is moving air.” Gallileo 
Galilei, in 1632, first demonstrated satisfactorily that air possesses weight, 
and he also made a rough determination of the specific gravity of air by 
comparing the relative weights of equal volumes of air and water, Eefined 
experiments show that 1,000 c.c, of dry air weigh 1;293 grins, under 
standard conditions— 760 mm. pressure O'", and at sea-level in iatitucle45°. 
Hence, the specific gravity of air is 0*001293 if water be unity. The specific 
gravity of air, referred to the standard hydrogen = 2, is 28*75 ; or with 
oxygen = 32 as the standard, 28*95. 

The death of the hypothesis ; Nature abhors a vacuum.”— 


When a glass cylinder, closed at one end, is filled with water ; then closed 
at the open end with the hand, turned upside 
Tifrriceiith (1 down, and the hand removed while the open end 

.. . oi the cylinder is under water, the water remains 

V in the cylinder. Throughout the Middle Ages, 

I }. — this experiment was explained by the hypothesis : 

' ^ ^ Nature abhors a vacuum.” The rise of water 

i* ^ pump barrels was exjfiained by the same 

^ T ^ hypothesis. When it was found that water 

‘I I Wm could not be pumped higher than about 34 ft., 

‘ii it followed that the hypothesis required modifi- 

§ cation, for, as Galilei cynically observed, Nature’s 

I I horror of a vacuum obviously could only extend 

I ^ to the equivalent of 34 ft. of water. 

«. In 1644, E. Torricelli published an account 

j of an experiment which puzzled the philoso- 

! phers of the time. A glass tube — about four 

I jC feet long, and closed at one end — was fiUed with 

mercury, the open end was closed with the thumb, 
^ inverted so that when the thumb 

Fig. 22. — ^TorricoUi*s was removed the open end was immersed in 

Experiment, mercury, Fig. 22. No air %vas allowed to enter 

the tube during the operation. Instead of the mercury remaining 
suspended in the tube, as would have been the case with water the 
column of merem^y fell to such an extent that its height above tlie surface 
of the mercury in the dish was nearly 30 inches, or 760 mm. Here 
again, Nature’'s horror of the vacuum at the top of the tube only extended 
to the equivalent of 30 inches of mercury. Torricelli abandoned that 
hypothesis, and concluded, rightly enough, that the column of meremy 
was maintained by the air pressing on the surface of the mercury in the older 
vessel B, Pascal argued that dnee mercury»is nearly 13 J times as heavy 
as water, 30 inches of mercury will be equivalent to 34 ft. of w^ater, and he 
accordingly repeated Torricelli’s experiment with a tube 46 ft. long, using 
red wine instead of mercury. He obtained a column of liquid 34 ft. long. 
When the experiment was repeated with other liquids, he found, in every 


-TorricoUi*s 


Experiment, 
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case, that the height oi the coluinn was inversely as the density of the 
liquid. Hence, it was inferred that the height of the column of mercury 
is a measure of the pressure of the atmosphere, and that , fluctuations in 
the pressure of the air are accompanied by a corresponding fall or rise of 
the column of mercury. R. Boyle (1665) applied the term 'barometer to 
Torricelli’s instrument — from the Greek jSdpos (baros), weight ; and piirpop 
(metron), a measure. 

; . Tn 1647, B, Pascal persuaded M. Perier to repeat Torricelli’s experiment 
at the bottom and at the summit of the mountain Puy-de-Bome. On 
September 22, 1648, Perrier wrote : “ To our delight and astonishment, the 
mercury sank lower in the tube the higher up the mountain the tube was 
carried. This proved that the air presses on the bottom of the moimtain 
more than on the top ; and not, as Aristotle and his followers wnuld teach, 
that Nature has a greater horror of a vacuum at seadevel than at higher 
altitudes. In a posthumous work, published in 1663, Pascal summarized 
the arguments which proved conclusively^ that ail those effects, previously 
attributed to Nature^ s horror of a vacuum, are really produced by the pressure, 
that is, by the iveight of the air. Thus perished the hypothesis : “ Nature 
abhors a vacuum.” 

The pressure and weight of the air. — The pressure of the air in any 
given locality varies within comparatively narrow limits. The normal 
or standard pressure of the atmosphere is equal to the weight of a 
column of mercury of unit area, and 760 mm. high. This pressure is 
sometimes called “ one atmosphere,” It is merely necessary to know the 
height of the barometric column to know the w^eight or pressure of the 
air per unit sectional area. This corresponds with a weight of 1033 '3 
grnis. per square centimetre or 14*7 lbs. per square inch. The word “ pres- 
sure ” is generally used in preference to “ weight,” because air, like all 
other fluids, not only nresses downwards, but also equally in all other 
directions. 

The density of mercury is 13*596, and in latitude 45® the force of gravity is 
980*6 dynes. Hence, a barometric column 76 cm. high will be maintained by a 
pressure equivalent to 76 X 13*596= 1033*3 grms., or 1033*3 X 980*6 = 1,013,300 
dynes per sq, cm., or in round numbers 10® dynes per sq. cm. This number is 
called a megabar, and a ten-thousandth part of 10®, or 100 dynes per sq. cm. is 
called a bar. These units are sometimes used for pressure instead of pounds i)er 
sq. in. , kilograms per sq. mm., etc. A pressure of one megabar is nearly 2 per cent, 
greater than a kilogram per sq. cm., and 1*3 per cent, less that the atmosphere imit. 

1 cm. of mercury = 133*33 bars j and 1 bar = 0*0075 cm. of mercury. 

The extent of the atmosphere. — The air gets less and less dense at 
higher and higher altitudes, and I. Newton (1706) estimated air to be four 
times rarer at an elevation of about 7J miles than at sea-level ; 1,000,000 
times rarer at a height of 76 miles ; and 1,000,000,000,060,000,000 times 
rarer at an altitude of 228 miles ; “ and so on,” It is therefore im}30ssible 
to place a limit to the height the atmosphere extends.^ At a height of 
100 to 125 miles, there is sufficient air to offer enough resistance to 
the passage of meteorites to raise their temperature to incandescence. 

^ G. Jolmstone Stoney’s memoh* : The Atmosphere of Planets and Satellites 
(1897), does not arrive at any definite limit ' for our atmosphere, nor for the 
atmosphere of any other planet, but shows that, because the molecules of some 
gases attaiix certain high velocities, these gases are able to escape from the 
atmospheres of the earth and the other planets (see p. 185). " ; 
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Whiltever be the height^ the of the norinai barometric column 

(per square centimetre of mercury) measures the nbrnial weight of a column, 
of air of the same sectional area and extending from sea-level upwards. 
B. Pascal (1663) appears to have been the first to calculate the total w’eight 
of ail the air about the globe. His. estimate is approximately equivalent 
to 4000 , 000 , 000 , 000,000 tons. 

§ 2. The Infiuence of Pressure on the Volume of Gases -^Boyle’s Law. 

At the bottom of all cosmic order lies the order of mathematics, the law that 
. . twice two is always four,— P. Gabus. ■ 

The quantity of matter in a given body is generally determined by 
weight, but it is often convenient, when the given body is a gas or liquid, 
to measure the quantity of matter indirectly by volume. Volumetric 
analysis is based on such measurements ; and the analysis of gases is nearly 
alwaj^s conducted by volume measurements. The main advantage of 
measurement by volume is rapid execution; the main advantage of 
measurement by weight arises from the fact that the result is largely inde- 
pendent of the physical and chemical conditions of the body in question. 
The weight of a gas is usually so small in comparison with its volume that 
it is generally possible to determine the quan- 
tity of gas more accurately by volume than 
by weight. 

The volume of a gas is very sensitive to 
changes of pressure. While investigating the 
relation between the pressure p and the volume ^ 
of a gas, Robert Boyle ( 1661 ) found “ the pres- 
sures and expansions,” as he expressed it, to 
be in reciprocal proportions.” In other words, 
the volume of a gas kept at one uniform 
temperature varies inversely as the pressure. 
This is Boyle’s Law. E. Mariotte, fourteen 
years after Boyle’s publication, reproduced 
many of Boyle’s results as his own ; and, on 
the Continent, the law is sometimes improperly 
ascribed to Mariotte. 

Pressures greater than atmospherlc.—The 
law can be tested in a bent U-tube of uniform 
bore — ^Eig. 23 — similar to that used by Boyle 
himself. ^ The shorter leg is liermeticaly sealed 
at one end, the end of the longer 3eg is open. 
The tube can be graduated by fixing bits of 
-r' gummed paper- at definite distances. Mercury 

High Pr^sures. poured into the longer leg so as to fill the 

bend and reach to the same height in both 
legs. It may be necessary to tilt the, apparatus a little to expel a 
few bubbles of air from the shorter hgf Read# the volume of gas 
confined in the shorter leg. Since, the level of the mercury is the same 

^ many modified forms of this apparattis have been devised for testing 

the law. These are intended for quick work m student’s “first vear ’ ’ laboratories, 
or for the lecture table. 
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in both limbs, it is assumed that the pressure on the surface of the 
mercury on both sides of the U-tube is the same. There is a pressure 
of one atmosphere on the mercury in the open leg, hence also there is 
II an equivalent pressure of one atmosphere in the mercury in the closed 

leg. A pressure of one atmosphere is equivalent to about 30 inches of 
mercury, or 760 mm. of mercury. In reality, the pressure is equivalent 
to the height of the mercury barometer at the time of the experiment. 
Pour a little mercury into the open leg. The gas confined in the shorter 
leg diminishes in volume. It is easy to prove that no gas has escaped from 
the shorter leg, and consequently the gas in the shorter leg has been com- 
pressed, or is more closely packed than before. In other words, the con- 
centration of the gas per ifiit volume is increased by the pressure. The 
difference in the levels of the mercury in the two legs plus the pressure of the 
atmosphere represents the pressure on the gas in the short leg. More 
mercury may be poured in the longer leg, and thus a series of numbers are 
obtained representing the pressure and the volume of the gas in the closed 
limb. When Boyle had poured sufficient mercury in the longer leg to 
reduce the volume of the gas in the shorter leg one-half he said, “ when 
we cast our eye on the longer leg, we observed, not without delight and 
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Fig. 24. — Diagrairmatic Illustration of Boyle’s Law. 

^ satisfaction, that the quicksilver in the longer part was 29 inches higher 

than in the other.” In other words, the volume was diminished one- half 
when the pressure was doubled by superposing on to the ordinary pressure 
of the atmosphere the pressure of a column of mercury 29 inches long and 
equal to the pressure of the atmosphere at the time of the experiment. 

To illustrate Boyle’s important generalization, imagine 12 litres of a 
gas confined in a cylinder closed by a gas-tight piston free to slide up and 
down the cylinder without friction. Suppose further that the gas supports 
a weight of one atmosphere on the piston, A, Fig. 24. If another equal 
weight be placed upon the piston, R, Fig. 24, the gas will be compressed 
until it occupies a volume of 6 litres ; another atmosphere pressure, C, 
Fig. 24, will reduce the volume of the gas to 4 litres ; and still another 
I atmosphere pressure, R, Fig. 24, will reduce the volume of the gas to 

3 litres. Collecting all these results into one table, we see that : 

Pressure . ‘ . 1, 2,. , 3, ,, 4, 6 atmospheres 

Volume ... 12, 6, 4, 8, 2 litres 

Product-^^y . . 12, 12, 12, 12, 12 

The law of Boyle may therefore be expressed another way ; The product 
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of the:pressure and 'the volume of. a gas kept at one uniform' tempera- 
ture Is always' the same, Or,.' . ■ 

jju = Constant, 

The, numerical value of the constant, of course, depends upon what units 
aree,eleGted for representing the pressui*es and volumes. , 'Pressures may be 
expressed in atmospheres, millimetres of mercury, pounds per square 
inch, etc. ; and the volumes in litres, cubic centimetres, cubic feet, etc. 

,,Bo 5 de’s law 'assumes yet. another guise. If be the pressure of a 
,gas . oecupying a volume ^iid p the pressure when the volume , is v, 
then,, since the products p;^iq and pv are equal to the same constant they 
are equal to one another. Consequently, 

■ ■ ■ ' " 

If any three of these magnitudes be known, the fourth can be calculated 
directly. 


Example. — A eudiometer holds 4*5 litres of gas when the barometer read 
755 mm. What will be the volume of the same body of gas when the barometer 
stands at 760 mm. ? Here, pj = 765, = 4*5, p = 760, hence, v «= 4*47 litres, 

The most common problem is to calculate — “ reduce ’’ — 

I the volume of a gas at any observed pressure to the 

corresponding volume at normal pressure 760 mm. 
Given 4*6 litres of gas at 765 mm. pressure, there is no 
need for any formula to calculate the corresponding 
volume at 760 mm. The pressure, 760 mm., is greater 
than 766 mm., hence the volume will bo less, hence 
. multiply 4*6 by the fraction and the result is 4*47 

t litres. 


I Pressures less than atmospheric, — Boyle showed 

^ that the law holds good at pressures less than 

g atmospheric. Boyle used an arrangement similar 

§ in principle to that illustrated in Fig. 25. Some 
mercury is poured into a narrow tube which is 
closed at one end and open at the other. The 

I open end is closed by the thumb and inverted in 

^ the tall cylinder of mercury. The narrow tube is 

raised or lowered, and the volume of gas confined 
in the narrow tube as well as the difference in the 
levels of the mercury in the narrow and in the 
wider tube read at the same time. We can recog- 
nize the principle of the U-tube, Fig. 23, in tliis 
apparatus, Fig. 25, The pressure on the mercury 
in the wide cylinder is one atmosphere, and the 
pressure of the gas in the narrow tube is one 
|. atmosphere less the pressure of a column of mer- 

cury equal to the ^fference in the level of the 
^ mercury in the two tubes. 

_ Measufing the volumes of gases. — ^This arrange* 
Fig. 25, — Boyle’s Law ment illustrates a prabiem wliieh arises very often 
Low Pressures, when the volume of a gas, collected over mercury, 
. is to be measured. If the pressure of the atmo- 
sphere is 760 mm., and the difference in the levels of the mercuiy in 
the gas jar and in the pneumatic trough is 56 cm., it follows that the 
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pressure of the gas in the narrow tube is 760 mio. less 560 mm. = 200 rnm. 
Whenever practicable, of course, the mercury inside and outside is brought 
to the same level before the gas is measured* 

Suppose that the confining liquid is water, not mercury. Y’’ater is 
frequently used when the gases are not appreciably soluble in that liquid. 
Suppose that the external pressure is 760 mm. (barometer), and there 
is a difference of 10 cm. between the ie%^ei of the 'water eonhniiig tlie gas, 
and the level of the water exposed to the air. The weight of 10 cm. of 
water is not the same as the weight of 10 cm. of mercury. Mercury is 
13*55 times as heavy as w^ater, hence a 10-cm. column of water is equivalent 

to the weight of a column of mercury or 0*74 cm. or 7*4 mm. high. 

The pressure of the gas is therefore 760 — 7*4 = 752*6 mm. But water 
vapour exerts a definite pressui'e, and a still fuither reduction must be made 
if we want the pressure actually due to the gas and not to the mixture of 
vapour and gas. This will be investigated later. 

Test for the equilibrium of gases. — If the gas be confined under such 
conditions that the product pv at any fixed temperature is not constant, 
the system will not be in a state of equilibrium. If the piston, referred to 
in Pig, 24, supports a weight of 6 atnis. the gas must occupy a volume of 

2 litres ; if not, the gas will expand or contract until the product pv satisfies 
the test. Boyle's law describes the necessary condition for the volume 
and pressure of a gas to be in a state of equilibrium. In practice there is 
no such thing as a frictionless piston, and if Boyle’s law was to be tested 
in a real cylinder an allowance would have to be made for the friction of the 
piston by putting an extra weight on the cylinder. The friction thus 
corresponds to what J. W. Gibbs (1876) called the passive resistance of a 
system to assume a state of equilibrium. The nature of the passive re- 
sistance can here be recognized, but in some cases we feel sure that some- 
thing analogous retards the movement of a system to the condition called 
“ stable equilibrium,” although we know nothing of the character of the 
passive resistance or the hysteresis — from the Greek uarspew {hystereo)> 
I lag behind — ^v’^hich opposes the change. 

§ 3. Deviations from Boyle’s Law, 

Experimentally we do not know of any gas behaving in strict conformity to 
the law of Boyle ; but in the case of many gases, and of nearly all gases 
at very high temperatures, the deviation from unilormity is very slight. — 
Stallo. ' 

The pressures used by Boyle extended over a range varyhig from 

3 om. to 300 cm. of mercury. It is hazardous to infer that because the 
product pv is constant over a Hmited range of pressures, it will remain 
constant for pressures widely different from those actually measured. 
The method of measurement used by Boyle, excellent for its time, is now 
considered somewhat crude. Many careful investigations have been made 
to find if the simple law of Boyle correctly describes the behaviour of gases 
at pressures far removed from the normal pressure of the atmosphere 
' — 76 cm. of mercury. The general results show that no two gases behave 
precisely in the same way. The deviations for many gases are insignificant. 
With most gases, the concentration increases more, that is the volume 
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increases less tiaan Boyle’s law describes ; and at Iiigb pressBies, the con- 
centration increases less, that is the volume increases more than Boyle’s 

law indicates. This is illustrated by 
plotting Boyle’s law. Boyle’s law, 
when ' gi’aphed, furnishes the con- 
tinuous curve shown in Fig. 26. This 
curve is a rectangular hyperbola; 
The deviations with nitrogen from 
this ideal condition are indicated by 
the dotted line- in the same Fig. 26. 
According to Boyle’s law, the volume 
of a gas should diminish indefinitely 
as the pressure is increased, and in 
time the volume would approach 
zero, that is absolutely nothing. This 
is absurd. Pressure can only diminish 
the space between the molecules and 
not the actual substance of the 
molecules. Hence, if 5 denotes the 
"‘volume” occupied by the molecules, the changes in the volume of the gas 
with variations of pressure will be represented by — 6) = constant, 
not by ‘pv = constant. It does not follow that h represents the actual 
volume of the space 
occupied by the matter !•£ 
in the molecules. This 
subject is taken up later. 

The effect of the 
“volume” of the mole- r- 
cules on the compressi- 
bility of gas "was recog- 
nized by D. Bernoulli, 

1738 ; by M. W. Lomo- 
nossoif, 1750; by A. 

Dupre, 186 d; and by 
J. D. van der Waals in 
1872. 

E. H. Amagat, 1893, 
showed that while the 
productpr remains fairly 
constant at low pres- 
sures for many gases, p*s 
the numerical value of pv 
changes in a remarkable Fig. 27.~-Pressure ; pv curves (Amagat). 
manner as the pressures 

increase in magnitude. Amagat’s measurements for carbon dioxide show 
that when 

p 1, 50, 100, 125, 150, ^ 200, 600, 1000 aims. 

pv 1, 0*92, 0‘49, 0*331, 0*41, 0*60, 1*02, 1*81 

Notice how the product jpt; at first diminishes in maguitude and then 
steadily increases. This is Brought out very clearly on plotting the 
numbers. If the products were constant for all values of p, we should 
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get the straight liney dotted, and marked “ideal gas line” in Fig. 27 ; 
with carbon dioxide, however, the cnrve descends below the line for an 
ideal gas, and then steadily rises, passing above the ideal gas line when 
the pressure is nearly 500 atmospheres. 

The curves for hydrogen and helium, at ordinary temperatures, do not 
descend below the ideal gas line, but take a path resembling the hydrogen 
line shown in Fig. 27. However, even these gases exhibit the same peculiar 
behaviour at lower temperatures. Thus, with hydrogen at —140®, the 
product reaches a minimum when the pressure is about 25 atmospheres ; 
at —195®, 45 atmospheres j and at —213°, 51 atmospheres. It was once 
thought that oxygen behaved in a peculiar abnormal manner at a pressure 
of about 0*7 mm. of mercury, but some careful measurements by Lord 
Rayleigh indicate that the statement is probably based upon a mal- 
observation. To summarize : — 

(1) With small pressures, the product fv decreases wdth increasing 

pressure, showing that the volume with increasing pressure 
is less than is described by Boyle’s law. 

(2) With large pressures, the product pr increases with increasing 

pressure, showing that the volume -with increasing pressure 
is greater than is described by Boyle’s law. 

(3) All gases, in consequence, show'’ a minimum value for the product 

pi;. The pressure corresponding with the minimum depends 
on the nature of the gas and on the temperature. The minimum 
is less prominent with the more permanent gases ^ than with 
the more condensable gases. 

§ 4. Dalton’s Law of Partial Pressures. 

Accurate and systematic investigation has brought to light the infinite com- 
plexity of nature ; the fineness of the dovetailing of eveiy event into many 
others ; the never-ending response of all things to changes in the conditions 
that encompass them ; the universal orderliness of natural occurrences ; 
and the absolute interdependence of cause and effect. — M. M. P. M'OIB; 

When two gases, which do not act chemically on one another, under 
the conditions of the experiment, are brought together, the gases mix 
intimately, by diffusion, so as to form an homogeneous mixture. Further- 
more, John Dalton (1802) found that each gas seemed to exert the same 
pressure as if it occupied the space alone, and the total pressure of the 
mixture of gases w^as the , sum of the several pressures due to each gaseous 
component of the mixture. If P be employed to denote the total pressure 
and Pi the partial pressure exerted by one of the gases, and pg the partial 
pressure exerted by the other gas, Dalton’s discovery means that: 
p p^ + P 2 * words, in a mixture of gases which exert no physical 
or chemical action on one another, each gas exerts the same pressure 
as if it alone occupied the entire vessel, and the total pressure is 
the sum of the partial pressures due to each gas. This is Dalton’s 
law of partial pressures. It is independent of* Boyle’s law, and can be 
extended to mixtures of any number of gases. 

^ Gasses which “obey” Boyle’s and Charles* Laws under ordinary atmo- 
spheric conditions usually remain gaseous. At comparatively low temperatures 
and are accordingly called permanent . r , ' - 


102 MODERN INORGANIC CHEMISTE,Y 

Example. — Moist; hydrogen gas,, is oonfined over water under a pressure of 
760 mm. o£ mercury at iO®, the partial pressure of water vapour atr that tempera- 
ture is 9*2 mm. of mercury. Then, from Dalton% law of partial pressures, it 
follows that the hydrogen gas itself is under a partfal pressure equivalent to 760 
less 9*2, or 750*8 mm, of mercury. 

It is iiighly probable that the molecules of nearly all gases exert some 
attractive influence on one another, and the gases will, in consequence 
of this action, ‘‘ deviate ” from Dalton’s law to an extent dependent 

upon the magnitude of the interniolecular attraction. Many mixtures of 
gases show slight, but marked deviations from the law, e.p. carbon dioxide 
and sulphur dioxide ; hydrogen with air and with nitrogen, etc. Accord- 
ingly, the theoretical results agree more closely with the observed results 
when an allowance is made for the effect of the attraction of the molecules 
for one another. 

The law has been applied to test if chemical action occurs on mixing 
certain gases, to And if any sign of chemical action occurs when nitric 
oxide (NO) is mixed with nitrogen peroxide (NO g) resulting in the formation 
of nitrogen trioxide (NgOg). It is assumed that if no chemical combination 
takes place, the mixture will obey Dalton’s law, and conversely. In cases 
like this, it is assumed that the molecules of the two gases exert neither 
attractive nor repulsive forces upon one another. If they did, the test 
might lead to wi'ong conclusions with respect to chemical action. A 
slight contraction, for instance, might be evidence of molecular attraction, 
not of chemical combination, 

§ 5. The Laws of Nature. 

We must confess that physical laws have greatly fallen off in dignity. No 
long time ago they were quite commonly described as the Fixed Laws of 
Nature, and were supposed sufficient in themselves to govern the universe. 
Now we can only assign to them the humble rank of mere descriptions, 
often erroneous/of similarities which we believe we have discovered. — 
J. H. POYNTING. 

This is a convenient place to emphasize further the meaning of the 
term law ” in chemistry. It is of course absurd to say that Dalton’s law 
or Boyle’s law must be obeyed, implying that these laws are commands im- 
posed upon gases which they are compelled to obey. ‘‘ Law ” is a useful 
term which the careless sometimes personify. It is employed by scientific 
men, purely in a metaphorical sense. The term has led to some confusion, 
and it would be replaced by another word, if we could thinl?; of a better. 
The German equivalent — statute — is perhaps worse. As indicated 
previously, the term “law of nature” is applied to a comprehensive 
generalization which methodically and systematically describes cerl',am 
natural phenomena.” The laws of chemical and physical phenomena 
are collocations of those circumstances which have been found by 
experiment and observation to accompany all chemical and physical 
changes included in the statement of the law. The test of the law ” 
is that the statement holds good without exception. The common meaning 
attached to the saying, " The exception proves the rule,” is winng, and 
it is an instance of confusion Rising, from the double meaning of words. 
In the old Latin form : UcccepUo prdbat regulani, the word “ probat ” means 
‘‘tests,” just as to-day, “proving wines” means testing them. The 
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proverb therefore meant that the exception tries, tests, or proves the 
rule, and if the exception cannot be expiained, then the rule breaks down, 
for the exception disproves the rule. When the exact conditions are 
set up, the law describes the phenomenon without variableness or 
shadow of turning. The law is then regarded as an objective power. 
This power is called a force, and further, the force is said to be the 
cause of the phenomenon. Thus gravitation is regarded as an attrac- 
tive force causing one particle to attract every other particle in the 
universe,; chemic.ai affinity is regarded^m-this sense, as a selective, force 
which causes certain substances when placed in contact to undergo chemical 
change. If therefore weiind a gas deviating from Boyle’s law, or a mixture 
of gases “ disobeying ” Dalton’s law, the alleged laws may be false, incom- 
plete, or imperfect descriptions, or some perturbing influence is at work 
which masks the simple phenomena described by these laws. A broken 
law, said J. H. Poynting, is a false description. 

§ 6. The Influence of Temperature on the Volume of Gases— Charles* 

Law. 

According to the schools of philosophy it has been proved that the elfect of 
cold is to make bodies contract, while heat makes them expand. — 
G. Galilei ( 1616). 

In 1790, Joseph Priestley concluded “ from a very coarse experiment ” 
that “ fixed and common air expanded alffie with the same degree of 
heat,” and J. L. Gay-Lussac, in 1802,^ quoted some experiments in support 
of the broader view; The same rise of temperature produces in all 
gases the same increase in volume, provided the pressure be kept 
constant. This law is designated Charles* law, in honour of J. A. 0. 
Charles, who, according to Gay-Lussac, made some crude experiments on 
the subject fifteen years before Gay-Lussac’s publication. Some call this 
relation “ Gay-Lussac’s law.” It perhaps would be more fittingly called 
Volta’s law, because A. Volta described it in 1793. 

The increase in volume which occurs when one litre of nitrogen at 0"^ is 
heated in a suitable vessel is shown in the following table (E. Chappius, 
1888) 


Temperature 0°. 

Volume V litres. 

j Expansion per litre 
per degree. 

O'" 

10 

1*00000000 
1*0367781 
1*0736396 
1*1102876 
. , - l'*1470244--:. 

0*0036778 

0*0036776 

0*0036775 

0’0036737 


The numbers in the last column — called the coefficients of thermal 
expansion-mean that the volume «; of a litre of nitrogen, measured at 0% 

1 John Dalton published an account on some experiments on gases in 1802 ; 
but Daltonis statement of the action of heat, is not .quite right, G. Ainontons 
had an mkliag of this law in 1702, ' ■ , . " ' ' 
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wlieii beatecl throiigli 0®, can be represented very closely by the expression : 
v (1 -j- 0*0036760) litres. In other words, nitrogen increases 0*003676, 
or very nearly part of its volume at 0° for every degree rise of 
teniperature. More generally, if be used to denote the volume of a gas 
at 0”, we have, instead of the preceding expression, 



This is very nearly true for most of the common gases, and it therefore 
represents a condition of equilibrium which must be satisfied by the 
temperature and volume of a gas, under constant pressure, in order that 
the system may be ill stable equilibrium. 

While solids and liquids have their own characteristic coefficient of 
expansion, gases have nearly the same coefficient of thermal expansion. 
This is the meaning of Charles’ law. The coefficients for the gases run 
something like this:— 


Air , . . . . 0-003665 

Hydrogen . . . . . . . . . . . 0*003667 

Carbon dioxide . . . . . .... . 0*003688 


These numbers are close enough to “ ” for most practical purposes. 

In general, the more easily a gas is Hquefied, the greater the deviation 
from the constant 0*003665 found for air — ^witness carbon dioxide. 



Fig. 28.~Graph of Charles’ Law. 

By plotting the above equation, we get the curve shown in Fig, 28. 
If the temperature be less than —273°, the gas would have a negative 
volume, that is a volume less than nothing! If the temperature be 
—273°, the gas would occupy no volume ! It is impossible to imagine a 
substance occupying no space, but such is a logical conclusion from Charles’ 
law. Where is the fallacy ? Whenever a natural process is represented 
by mathematical symbols, it is well to remember that the artificial state- 
ment often expresses more than actually obtains in nature, because, in 
the physical world, only changes of a certain kind occur. We must there- 
fore limit the generality of the mathematical expression. Charles’ law 
includes a simplifying assumption. The apparent volume of a gas may 
be resolved into at least two parts : (1) the “volume ” occupied by the 
molecules of the gas ; and (2) the space befween the molecules. Although, 
for the sake of simplicity, we assume ,?; is employed to represent the total 
volume occupied by the gas, in reality p should refer only to the space 
between the molecules, and in that ease> the conclusion that «; = 0 when 
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the temperature is — 273''^ involves no absurffiy. Moreover the gas would 
liquefy before the temperature — 273° was attained, and the simple gas 
law of Charles would not then be applicable. 

The temperature — 273° C. is supposed to be a limiting temperature — 
the nadir or lowest possible temperature. Hence, it is sometimes called 
the absolute zero ; and temperatures reckoned from this zero are called 
absolute temperatures. On the absolute scale of temperatures, 0° C. 
will be 273° abs. If AP be employed to denote the temperature on the 
absolute scale, and fl the temperature on the centigrade scale, we have 
T = 273 4- Hence, we see that if v be the volume of a gas when the 
absolute temperature is T, and Vi the volume when the tempierature is 
Tj, we get, from the preceding equation, 

V __ Vi . . 

■■ ■ 

which is but another way of stating Charles’ law. 

§ 7. The Combined Influence of Temperature and Pressure on the 
Volume of a Gas. 

According to Boyle’s law, the volume varies inversely as the pressure ; 
and according to Charles’ law, the volume varies directly as the absolute 
temperature, then it follows ^ at once that when both temperature and 
pressure vary, the e^ect on the volume will be given by the equation 

pv = ET 

where B is the constant of proportion — ^generally called the gas constant. 
This important relation is sometimes called Clapeyron's equation. The 
same result can be expressed another way : If p, v, and T respectively 
denote the pressure, volume, and absolute temperature of a gas under one 
set of conditions, and tq, and Ti the pressure, volume, and absolute 
temperature under another set of conditions, then 

P'0 _^ Pi^i 

T ”■ T'l 

This formula is used a great deal in calculations involving the variations 
in the volumes of gases owing to variations in temperature and pressure. 
For instance in reducing the volume of a gas at any observed temperature 
and pressure to the corresponding volume at normal temperature and 
pressure — 0° C. and 760 mm. pressure — often represented by “ n.p.t.”, 
or “ H.P.T.,” or “ S.T.P.,” or ‘‘ S.T., S.P.” 

Example. — If a gas measures 170 c.c. at a pressure of 735 mm. mercury, and 
a temperature of 15°, what is the volume of the gas at normal temperature and 
pressure ? Here it is required to find u in the preceding formula, where p ~ 760, 
T=273, 77 = 288, ==170, and Pj =736; hence, v==|||xffg X 170=165-8 c.c. 

§ 8. Deviations from Charles’ Law. 

Mature abhors the straight line. — R. Ross. 

We have already seen that the coefficients of thermal expansion ot 
all gases are only approximately the same. The coefficients for the 

3- It is shown in elementary text«books in algebra that when x varies inversely 
as 2 /, and x varies directly as 2 , then xy .= hz where h is the constant of proportion. 
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iiidmdimi' gases ' differ a little among ; tliemselves , as . indicated above. 
The variation in the, coeMcient of' thermal expansion at . temperatures 
'.and pressures, not. far removed"' from . normal .atmospheric temperatures, 
and. pressures, is not '.very' marked, and for. regular gas "calculations 
.can : be .ignored. It -remains to .indicate the variation, if .any,., in the 
coeffi.cient -'of thermal expansion with large , variations of ..temperature' 
and 'pressure.: . ' " 

T. The influence of pressure. — The coefficient of expansion of most 
. gases is increased by augmenting the pressure of a gas until a maximum , 
value is attained, ' after that, the coefficient diminishes with increased 
pressure. For instance, E. H. Amagat (1893) found that the coefficients 
of expansion of "carbon dioxide at temperatures between 50*^ and 60° 
assumed the following values 

Pressure 30, 60, 125, 200, 500, 1000 atm, 

Coefficieiits 0*0069, 0' 0085, 0*0410, 0*0085, 0*0033, 0*0018 

Carbon dioxide thus shows a marked variation in the coefficient of thermal 
expansion at high pressures. In agreement with these facts, the coeffi- 

cient also diminishes as the pres- 
sure is reduced even so low as 
0*077 mm. of mercury. The 
variation is not so marked with 
gases like nitrogen, oxygen, and 
hydrogen which are not easily 
condensed to the liquid condition. 
The value of p which furnishes 
the greatest coefficient of thermal 
expansion is that same value of 
p which gives the minimum pro^ 
duct pVr p* 100. At oi*dmary 
temperatures, therefore, hydro- 
gen and helium do not exhibit 
this variation in the value of 
their coefficients of expansion. With these gases, the coefficient of 
expansion steadily diminishes with increasing pressure. 

2. The influence of temperature. — The maximum value for the coeffi- 
cient of expansion with increasing pressure just indicated becomes less 
and less as the temperature is raised and finally disappears. So does the 
minimum value of the product pv become less and less marked as the 
temperature is raised. The gradual ‘‘ flattening ” of the carbon dioxide 
curves as the temperature rises from 40° to 100° is brought out very clearly 
in Fig. 29. We have seen, p. 100, that ail gases exhibit the minimum value 
for The pressure required for the minimum depends on the 
temperature as well as on the nature of the gas. Tlie minimum is most 
marked when the gas is near its critical temperature (p. iOO). If the 
temperature is much above the critical temperature, the minimum is very 
small— with hydrogen the minimum is ^inappreciable at 0° — Fig. 27. 
All other gases show a minimum at ordinary temperatures. Hence, 
Regnault, who discovered this phenomenon, was led to say that hydrogen 
is a plus qu© parfait.” . But hydrogen also shows the minimum at 
reduced temperatures as indicated on p. 100. 



Fig. 29. — Amagat ’s Curves for Carbon 
Dioxide. 
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§ Methods for Measuring the Vapour Densities, of Gases 
Volatile Liquids and Solids. 

Since determinations of molecular weights are usuaEy made to decide 
between quantities widely different, minor coiTections, necessary for 
exact values, are not required. For instancOj if chemical anatysis showed 
that the molecular weight of a compound is some multiple ot 20, then a 
molecular weight of 83, by vapour density methods, indicates that 
4 X 20 == 80 is the molecular weight of the body. Corrections for the 
expansion of glass with temperature ; the deviation Of the weight of a 
cubic centimetre of water from one gram ; the deviation of the vapour 
from a perfect gas in calculating the volume at normal temperature and 
.pressure, etc.,, may be neglected. 

I. Gases AT Oedinary Temperatures. 

In measuring the relative density of a substance which is gaseous at 
ordinary temperatm-es, a large gas balloon of known volume v is counter- 
poised on the balance by a similar second balloon of approximately the 
same volume so as to eliminate corrections necessary for the buoyancy of 
the air. By repeated exhaustions and re-fillings, the balloon is filled with 
the gas under investigation. The temperature and pressure are respectively 
t and p. Let tv denote the difference between thewmghtsof the full and 
empty balloon. The volume Vq of the gas at 0° and 760 mm. pressure is 
calculated in the ordinary manner, p. 85 : 

~ W 273 + S ’ *’0 = 0'3592 

The corrections needed for very exact density determinations need not be 
here considered, since they do not affect the general principle. From 
Avogadro’s hypothesis the molecular weight of a gas represents the weight 
of 22 ‘3 litres of the gas if hydrogen = 2 be taken as the standard. Con- 
sequently, if tv grams of a gas occupy % c.c. at 0^ and 760 mm. pressure, 
22,300 c.c. will weigh 22,300 tv Vq grms., and this represents the molecular 
weight, or the relative density of the gas, hydrogen = 2. 

Example. — 5S6 c.c. of carbon dioxide measured at 18® and 756 mm. pressure, 
weighed 1'076 gram. What is the molecular weight of the gas V F'rom (3), the 
585 c.c, of gas become, at 0® and 760 mm., 646*1 c.c. Hence, the molecular W'eight 
is 22,300 X 1*076 546*1 = 43*9. 

II. Solids akd Liquids which cah be Vaporized without 
. Decompositioh. 

A* From the Weight df a Knom Volume of the Vapour. 

, (1) B. Dumai jprocw (1S26).— -Alight glass Ibulb, A, Fig. 30, between 
100 and 200 c.c, capacity is weighed, and ffroin 6 to 10 grams of the com- 
pound under investigation are introduced into the bulb. By ; means of 
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a suitable clanip, D, the bulb is fixed in a suitable bath, J5, at a constant 
temperature 20° to 30° above the boiling-point of the compound under 
investigation. The compound vaporizes, and 
when its vapour ceases to issue from the neck, 
G, of the bulb, the tube is sealed at O by 
means of a blowpipe with a small flame. 
The temperature of the bath at the time 
of sealing is the average between the two 
thermometers T ; the barometrio pressure is 
read at the same time. The bulb is then 
cooled, cleaned, and w^eighed. The volume 
of the bulb is now determined by breaking 
the tip, C, of the neck under water or 
mercury, and weighing the bulb when full of 
X)cnsity App<^ratus» liquid.. ^ Til© dificrcnc© Dctwccn tli© lull und 
empty bulbs gives the amount of liquid in the 
bulb. The application of the data can be best illustrated by example. 
Example. — The following data were obtained fcr vanadium tetrachloride, VCl^: 
Weight of globe filled with air (9°, 760 mm.) , ‘24*4722 grams 
Weight of sealed globe (9°, 760 mm.) . , . 25*0102 grams 

Temperature of bath wben sealing the glebe . 216° 


Barometer when sealing the globe . . , . 762 mm. 

Weight of bulb full of water 194 grams 


The globe held 194 less 24*4722 = 169*5 gi'ams of water at 9°. This represents 
very nearly 169*6 c.c. of water, oir the capacity of the globe is 169*6 o.c. The 

apparent w?-eight of the substance 
at 9°is 26*0102 - 24*4722 « 0*638 
gram. The empty globe was 
buoyed up, during weighing, by 
its ovm bulk of air at 9° and 762 
mm., and sine© 1 o.c. of air at 
N.P.T. weighs 0*001293 gram, 
169*5 c.c. of air at 9° and 762 
mm. weigh, at N.P.T* (0*001293 
X 169*6 X 273 X 762) -r (760 X 
282) — 0*213 gram. This, added 
to 0*:638 gram, gives' 0*751 gram,,., 
the weight of the vapour in the 
globe at the time of sealing. 
The 0*761 gram of vapour, d ecu* 
pied 169.*6 c.c. at 215° and/ 762 , 
mm. pressure, or 96*10 c.c. at 0° 
and '760' 'mm,, pressure./;, '''Hencej,': 
22,300 C.C.", of,', vapour '''.a,!/ n'ormai': 
temperature and' pressure weigh'; 
1 76* 1 ' grams. ;■ '„This ;mim.ber . 
represents the molecular weight 
of vanadium chloride. 

The objection to Dumas’ 
process is the amount of 
material required to drive out 
Apparatus. ^ ^ ^ fhe air from thc^ bulb. This 

waste is avoided in the two 

^ If the globe contains residual air, a eorz*ection must he made. The volume of 
the vapour wall be equal to the volume of the globe, less the volume of the residual 
air ; and tlie w^eight of the wapoui* will foe this difference plus the buoyancy of a 
quantity of air at i and p of the, Second weighing, eqmrl to the volume of the vapour. 
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succeeding methods- — ^Hofmann’s, and -.Aleyer’s, processes. , By using 
pGrcelain or platinuin vessels, Dumas’ process has been employed for bodies 
-volatilizing at, iiigh temperatures.,, , 

(2) A. IF. Hofmann's process (1868).— This is a luodification of an 
earlier method due to J. L. Gay-Lussac (1811). A known weight of the 
substance in a small stoppered glass bulb, shown on an enlarged scale at 
If, Fig. 31, is taken. The bulb is introduced below a barometer tube filled 
with mercury, and surrounded wdth a jacket through which the vapour of a 
liquid, which boils about 20'^ above the boiling-point of the compound 
under investigation, is passing. The bulb ascends to the upper level of 
the mercury, and the substance is thus vaporized under a reduced 
pressure. The volume of the vapour is read when everything is in 
equilibrium; the height of the barometer, and the temperature of the 
apparatus are also read. 

Example. — The following data w*ere obtained for carbon tetrachloride, GCi^ 


Weight of liquid in bulb . . . ... . 0*3380 grm. 

Volume of vapour . . . . . , ' , . . 109*8 c.c. 

Temperatxire of vapour . , , , . . . 99*i>° 

Barometer . . . . » 746*9 mm. 

Height of mercury in tube ... . , . 283*4 mm. 


The pressure of the vapour, as we shall see very shortly, is tlie barometric height 
less the height of the column of mercury in the Hofmann’s tube, that is* 746*9 — 
283*4 = 463*0 mm. Hence, 0*3380 
gram of vapour at 99*5° and 463*5 
mm, pressure occupy 109*8 c.c., 
and 4=9*09 c.c. at 0° and 760 mm. 

Hence, 22,300 c.c, of the vapour at 
nox'mal temperature and pressure 
weigh 1 53* 6 grams, and this number 
• represents the molecular weight o f 
carbon tetrachloride. 

Hofmann’s process is useful 
when only a small amount of the 
substance is available for a de- 
termination ; and for substances 
which decompose when heated 
at a temperature in the vicinity 
of their boiling-point at ordinary 
atmospheric pressures, 

B, From the Volume of a Known 

Weight of the Vapour, 

V. 3Ieger's process. — V. and 

C. Meyer (1877) described an 

elegant and simple method of 
finding the volume of a vapour 
by measuring the volume of air 
displaced by a given weight of 
the substance vaporized in a Fia. 32.— Meyer’s Vapour Density 
suitable vessel. The following* Apparatus. 

is a modification of Meyer’s 

process : A bulb — about 200 c-.o, oapacity-^has a long neck fitted with a 
side tube leading to a gas-measuring burette^ Fig. 32. An arrangement, 
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.‘I, Is fitted to tlie long neck so that when .4 is turned half a revolution a 
small stc»|)percd bottle — ^sliown on an enlarged scale at IF, Fig. Sl—caiibe 
fkL»p?'ed flown the long neck into the heated bulb, which has a little glass 
wool or asbestos on the bottom, so that the failing bulb will not break the 
afjparaius. A thi’ee-way cock, B, is turned so as to connect the bulb with 
the air. ■ The inner chamber is heated by the vapour of a.siibstaiice placed in 
the vapour jacket. The substance in the vapour jacket M is chosen so that 
it boils 20"^ or 30° above the boiling-point of the compound undm* investi- 
gation. The vapour jacket, is protected in turn by a metal jacket, F, 
Wlieii everything is in position : the mercury in the gas burette at zero ; 
the temperature of the vessel constant; and the bulb at .A, containing a 
weigluHt amount of the compound under investigation, is ready to be 
dropped into the inner chamber, the three-way cock connecting the bulb 
tubeVith the atmosphere is turned in order to connect the apparatus with 
the gas burette. The tube IV is dropped from .4. The vapour of the com- 
pound displaces its owm volume of air, and the displaced air collects in the 
gas burette. IFlieii air has ceased to collect in the gas burette, and the 
meremn' in the levelling and measuring tubes is at the same level, the 
cock is closed. When the gas burette has had time to attain the tem- 
perature of the room, the mercury in the measuring and levelling tubes is 
again adjusted to the same level, and the volume of air which has collected 
in the burette is noted. The temperature and the barometer are read at 
the same time. 

Example. — T he vapour density of water was determined, and the following 
data wore obtained. Xylene, boiling at about 1 3vS°, was used in the hot Jacket — 


"Weight of water in the stoppered tube W . . 0*0102 gram 

Temperature of gas in bui’ette 10*5^* 

Barometer 703*8 mm. 

Volume of gas 16*6 o.c. 


The 16-6 e.e. of vapour at 16*5® and 703*8 mm. becomes 14*496 c.c. at 0® and 
760 mrn. This is the volume of 0*0102 gram of vapour. Hence 22,300 c.c, of 
the vapour will weigh io*7 grains. This number represents the molecular weight 
of •water vapour. 

If the gas be ooileeted over water instead of over mercury, the cor- 
rectioTX for the gaseous X3res8ure must be modified. If air contains a per 
cent, of moisture, and / be the pressure of aqueous vapour at the room 
temperature, the actual pressure of the confined gas will be^ ■— (1 —• T5o«)/> 
whore is the baromotric pressure. 

Glass vessels are suited for working only at comparatively low tem- 
peratures ; but vessels of hard porcelain and vitreous silica have been used 
for temperatures up to about 1500®. Vessels made of iridium lined 
inside and outside with magnesian cement, and heated in an electric 
furnace enabled W. Hernst to measure vapour densities as high as 1800° 
to 2000°. 

Questions. 

volume of a gas. i$ related to temperature and pressure. 
Describe expej'iments in illustration of your “answer, A gas measures five litres 
at AJ® C., and 770 mm, mercury pressure. What -will be its volume at 5® C., and 
miller a pressure of 750 mm. of mercury Aberdeen Vnh\ 

, tube has. spine air in the space above the merciirv. The 

height of the column is found to be. 20.| inches when it ought to bo 30 indhes and 
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30 when it ought to be 3L What ought it to be when it reads 29 'i~-~A.hcriistu'yth 
Univ. 

3. Describe very briefly the principles on which the chief methods for measuring 
vapour densities are based. What factors determine the choice of one method 
over others in practice ? The vapour density of a substance was determined in 
two ways. A bulb holding 1.24 c,c, was sealed U};) when filled with the vapour 
at 90® 0, and 760 inm. The weight of the vaioour was found to be 0*3276 gram, 
In the second experiment, 0*1 gram of the substance displaced 28 e.r?. of air (cor* 
reeted) in V. Meyer’s apparatus. Calculate the vapour density given by the 
two experiments if 1 litre of hydrogen N.T.P. weighs 0*09 grani.~(')irea.9 ColL 

4. 0*26 gram of a liquid gave 62 c.c. of vapour measured at 9S®C., bar. 740 mm., 
the mercury in the measuring tube standing 140 mm. above tlie mercury in the 
trough. Wha,t was the density of the vapour compared with that of hydrogen ? 
~^New Zealand Univ. 

5. Explain clearly why temperature and pressui’e observations are necessary 
when measuring the volume of gases. 

6. If a quantity of nitrogen under 900 mm. pressure at 20® occupies a volume 
of 800 C.C., what volume will it occupy at 100°, under a pressure of <.)00 mm. 
pressure ? — Cornell Univ. 

7. 250 c.c. of oxygen, at 10° and 756 mm. Find the volume at 0° and 760 mm. 
— Mason Science Coll. 

8. If a quantity of hydrogen occupies 500 c.c. in a tube over mercury, the 
level wdthiri the tube being 70 mm. above that, the temperature being 40°, and 
tlie barometric pressure 740 mm., what volume will it 
occupy at S.T.P. (standard temperature and pressure) ? 

9. Suppose a gas occupies 50 c.c. when confined under 
normal atmospheric pressure in the measuring vessel A, 

Fig. 33 , with the mercury at the same level inside and 
outside the measuring vessel, what pressure will be exerted 
upon the confined gas when the measuring vessel is raised 
so that the mercury inside is (a) 20 cm. ahove the level 
outside the cylinder, P, Fig. 33 ; and (h) 20 cm. helow 
the outside level of the mercury, <7, Fig. 33 ? What will 
be the volume of the confined gas in each ease ? Ansrs. : 

In the tube B, the gas will have a volume of 67*9 c.c.; 
and in the tube (7, 39*6 c.c. 

10. Oxygen with an atomic weight of 16 has been 
selected by intematipnal agreement as the standard for 
tlie comparison of atomic weights* What advantage has the choice of oxygen 
rather than hydrogen as the standard, and what is the atomic weight of hydrogen 
in this system '? Briefly describe the methods by which the atomic weights 
are determined, and point out which method is most likely to load to correct 
conclusions. — Cape U^iiv. 

11. State Boyle’s law. A graduated uniform glass tube closed at one end is 
filled partly with mercury and partty with air ; the open end is placed under 
mercury, and the tube adjusted until the level of the mercury inside is the sanie 
as that of the merenry outside. The length of the tube above the mercury is 
50 cm. The tube is moved so that the level of the mercury in it is 26 cm. above 
tliat of the outside mercury. Find the length of the tube now filled with air 
when the atmospheric pressure throughout was 76 cm. — Cape Univ, 

12. In a Boyle’s law exjperiment, the volume of the gas under compression 
is 100 c.c. when the difference of levels of the mercury in the U-tube is 76 cm. 
What will be the volume of the gas when the difference of the levels is 252 cm. ?— 
Sydney Univ. 

\13. Explain the difference between atoms and molecules, and give a brief 
account of tlie experimental result and of the reasoning by which alomic and 
molecular weights are determined, choosing an example to illustrate each ease,— 
New Zealand Univ. 
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Hydrogen 

Atomic weight, H = 1'008 ; molecular weight, 2*016 r univalent. 

Meitiug-pomt, —257*14^; boiling-point, —252*76° ; critical temperature, —241°. 
Relative vapour density (Hg = 2) ; (air = i) 0*0696 ; one litre of hydrogen, at 0°, 
760 mm, pressure, and latitude 45° at sea-level, weighs 0*08995 gram (at one lime 
called a mth^ j and oiie gram occupies 11*117 litres. 

§ 1. Hydrogen — Occurrence. 

The element hydrogen occurs free in nature in comparatively small 
Ciuantities, The atmosphere is said to contain about one volume of 
hydrogen per 15,000 to 20,000 volumes of air. The proportion of hydrogen 
in the atmosphere increases when higher altitudes are attained. Hydrogen 
is also present in volcanic gases ; in the gases from the Stassfiirt salt beds ; 
and in some meteorites. The presence of hydrogen in natural gas from 
the oil fields has been denied, although many published analyses of these 
gases include hydrogen.” The sun’s chromosphere shows what appear 
to be stupendous flames of incandescent hydrogen, in some cases towering 
over 300,000 miles (M. F4nyi, 1892) into space, and 100,000 miles in width 
(C. A. Young, 1872) — thousands of times larger than the earth on which 
we live. Spectroscopic observations also show that hydrogen is present 
in nebulae and certain stars. 

Combined hydrogen is common. Water contains one-ninth of its 
weight of hydrogen. We really know nothing about the hydrogen, as it 
is combined with oxygen in water. The fact is that when water is de- 
composed under certain conditions, this proportion of hydrogen is obtained. 
It is the fagon de parhr to say that the compound “ contains ” the element, 
or that the element “ occurs ” in or is ‘‘’’present ” in the compound, when 
the element can be obtained from the compound by suitable methods of 
decomposition. Hydrogen, together with oxygen, is one of the chief 
constituents of animal and vegetable tissue. Hydrogen also is present 
in nearly all organic compounds, and in many gases — ^methane, the hydro- 
carbons, hydrogen sulphide, etc. 

Quantitative distribution of the elements. — By comparing a large 
number of analyses of rocks, etc., F. W. Clarke and H. S, VYashington 
,{1922} have tried to estimate the percentage composition — by weight — of 
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the earth’s crust (10 miles deep) — ^including the ocean and the atmosphere# 
Their result, is I 



Per cent. 


Per cent. 


Percent. 

Oxygen . 

. 40*19 

Chlorine . 

0*228 

Nickel , 

0*030 

Silicon 

. 25*71 

Phosphorus . 

0*139 

Nitrogen . 

0*030 

Aiumininm 

7*50 

Carbon 

0*142 

Fluorine , 

0*030 

Iron . 

4*68 

Manganese 

0*108 

Copper 

0*010 

Calcium . 

3*37 

Strontium 

0*032 

Lithium . 

0*005 

Sodium 

2*61 

Sulphur , 

0*093 

Zinc . 

0-004 

Potassium 

2*38 

Barium 

0*075 

Cobalt 

0*003 

Magnesium 

1*94 

Chromium 

0*062 

Lead . 

0*002 

Hydrogen . 

8*73 

Zirconium 

0*048 

Boron 

0*001 

Titanium . 

0*648 

Vanadium 

0*038 

Beryllium . 

. 0*001 


If we try to get an estimate of the relative number of atoms of the 
diSerent hmds of elements distributed in the half-mile crust, the ocean and 
the atmosphere, Clarke’s numbers must be divided by the corresponding 
atomic weights of the elements. We thus obtain for the percentage 
number of atoms in the half-mile crust ; 


Oxygen 

63*81 

Sodium . 

. 1*72 

Potassium 

1*02 

Hydrogen . 

16*30 

Magnesium . 

. 1*61 

Carbon . 

0*27 

Silicon 

. 15*87 

Calcium . 

. 1*40 

Titanium 

0*16 

Aluminium 

4*68 

Iron . . . 

. 1*29 

Chlorine . 

0*11 


This gives a better idea of the relative distribution of the elements from 
the chemical point of view than the actual weights in the preceding list. 


§ 2. The Preparation of Hydrogen. 

We have seen in Chapter III. how hydrogen is produced by the action 
of metals on water or steam. The black oxide of iron produced in the 
reaction has the empirical formula Fe304. The action of steam on metallic 
iron is represented by the equation : 3Ee + 4H2O == Fe304 + 4H2. 
This process is used on a large scale. Porous briquettes of iron are some- 
times employed, as in Lane's process. These are made from the spent ” 
pyrites obtained as a by-product in the manufacture of sulphuric acid. 
In Bergius' process the iron is heated with water in a bomb at 300° and 
100 atm. pressure. The reaction is represented Pe + HgO ~ PeO Hg ; 
and if carbon with a little thalMum salt as catalytic agent is substituted 
for the iron : C + 2H2O ~ COg + 2H2. 

The action of sodium on water (p. 66) is represented by the equation : 


2Na + 2®>0 = 2^>0 + 

where one atom of hydrogen in the molecule of water is replaced by an 
atom of sodium, whereby a solution of sodium hydroxide — ^NaOH — and 
hydrogen gas are formed. An alloy of sodium with lead — called commer- 
cially “ hy drone ” — generates hydrogen very satisfactorily when in contact 
with water. The same remark applies to aluminium amalgam — called 
commercialij^, “ hydrogenite.” The same term is applied to a mixture of 
silicon (25), sodium, hydroxide (60), and calciuha hydroxide (20), which in 
contact with water evolves 270-370 litres of hydrogen per kgrm. Calcium 
hydride, CaHg, or hydroUth, also gives ojBE hydrogen in contact with water : 
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CaHo -r SHsO == Ga(OH): 2 ' + 2 H 2 . ■ Yhe reactions' .between iron, zinc, and 
inaeTiesiiim wltii sulphiiric'.ox" liydrocliloric acids (p. 57) are represented; 

V H 2 SO 4 = MS 04 --f H 3 ; and; -[- 2 HCI=: ]VICl 2 , + Hg, where 
stands in place of the .bivalent metalEe, Ziy o.r Mg.. , : 

In these examples, it will be observed that the process of chemical 
change results in the s'ubstitiition of the two atoms of hydrogen in the acid 
by an equivaleut atom of Zn, Fe, or Mg. In the last reaction with zinc 
ain.l sulphuric acid, for example, zinc siilphate--~ZnSG 4 . 7 H 20 "---can be 
obtained as indicated previously. Similarly, by evaporating' the solution 
remaining after the action of sodium on water, sodium hydroxide- — ^NaOH — - 
is obtained, and with potassium, potassium hydroxide—KOH. ^ 

The progress of aeronautics has considerably increased the technical 
importance of hydrogen. In addition to the methods of preparing hydrogen 
on a large scale, discussed in Chapter III, a fairly pure gas can be obtained 
by warndng aiuminium or zinc with a dilute solution of sodium hydroxide 
(oO gnus, of the hydroxide per 500 c.c. of water). The reaction is repre- 
sented : 

r NaOH /ONa XTonTT 

2AF+2||aOH=2Al;CoNa+3H,; -and 

Here it will be observed that the hydi'ogen atoms in sodium hydroxide 
are replaced by the respective elements, and sodium aluminate, Ai(ONa) 3 , 
Is a by-product in the former process ; and sodium zincate, Zn(OI^'a) 2 , in 
the latter case. We see, therefore, that under the stated conditions, an 
atom of sodium or potassium can displace only one of the two hydrogen 
atoms in the -water molecule — HgO ; and that zinc or aluminium can dis- 
place the other hydrogen atom. 

The preparation of hydi'ogen by the action of sodium hydroxide on 
the element silicon has been patented as the silicol process. The reaction 
is represented by the equation ; Si + 2KaOH + H^O == NagSiOg 2 H 2 ; 
and also by Si ~f 4NaOH = Ka 4 Si 04 + 2 H 2 . But only 80 per cent, of the 
available Jiydrogen is obtained before the reaction begins to slow down. 
If, however, some calcium hydroxide be mixed with the sodium hydroxide, 
the process appears to be quite satisfactory, 0‘8 kilogram of silicon 
with 1’2 kilogram of alkali will give, in practice, a cubic metre of 
hydrogen, ♦ 

Hydrogen is a by-product in the manufacture of chlorine by the 
elc'ctrolysis of aqueous solutions of alkali chlorides : 2blaCl -j- ' 2 H 3 O 
=^ 2 NaOH ~l-“ Hg -j- Cl 2 . CMorine is given off at one electrode and hydrogen 
at the otlier. The sodium chloride is broken down by the electric current 
into sodium and chlorine ; and the sodium, in contact with -water, reacts 
as indicated above s 2Ya + 2HaO == 2NaOH -f Hg, 

Hydrogen and oxygen can be manufactured on a commercial scale, 
where electric power is cheap, by the electrolysis- of aqueous solutions — 
acidulated water, or a dilute solution of sodium ludroxide — under such 
conditions that the hydrogen and. oxyg(^i\ are kejit separate from, each 
other. The gases are separately compressed in steel cylinders — called 
bombs ’—under a pressure of about 100 or 150 atmospheres. ^ 

^ ^ The eyrindui'H of hydrogen are often coloured red to prevent accidentally 
Wing a cylinder of hydrogen for ono'. of 'oxygen. 
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§ 3. The Hydrogen Eqnivaient of the Metals, 

It is interesting ' to determine what -quantities' of the different metals 
are cliemically, equivalent to one gram of hydrogen. This .can, be done by 
.dissolving the dif!ere,nt metals' -in 
. different acids. ^ A pair of tubes 
— HempeFs gas burette—A .and B, 

Fig. 34, are arranged as shown in 
the diagram. C is a flask containing 
the necessary acid — cold ~ and a 
weighed amount of metal. The 
metal is contained in a test tube in 
the flask and left there until the 
necessary adjustments have been 
made. The levelling tube B is raised 
until the water in A is at zero, and 
on the same level as the water in 
the levelling tube B. The water in 
the levelling tube should be nearly 
at the bottom of the tube. The 
flask is closed with a rubber 
stopper. Raise or lower B 
until the level of liquid in the 
tubes is the same. Read the 
level of the liquid in A, The lC 
flask is then tilted so that 
the metal comes in contact 
with the acid, and the levelling 
tube is low^ered at the same time. When all the metal has dissolved, and 
the apparatus has had time to cool to the temperature of the room, bring 
the liquid in the tubes A and B to the same level by raising or lowering 
B, Read the volume of the gas, the thermometer, and the barometer. 
Calculate the 'weight of the hydrogen corresponding with the measured 
volume of hydrogen, and finally express the result in terms of one gram 
of hydrogen. 

Example, — In an experiment by a student, 0*2 grm. of zinc gave 75*5 c.e. of 
hydrogen, at 15° and 758 mra. pressure* What is the equivalent of zinc ? Here 
75*5 c.c. at 15° and 758 mm. become 71*3 c.c. at 0° and 700 mm. Since 22*3 litres 
of hydrogen at 0° and 700 mm. weigh 2*016 grms., 71*3 c.c. of hydrogen will weigh 
0*00645 grm. This weight of hydrogen comes from 0*2 grm, of zinc, hence 
32*25 grms. of zinc are equivalent to on© grm. of hydrogen. 

One gram of a given metal will always displace the same amount of 
hydrogen whatever be the liquid used — e.g, aluminium in sodium 
hydroxide, in sulphuric acid, or in hydrochloric acid ; but the amounts 

3- Zinc in dilute sulphuric acid {1 : 7). The strength of dilute acid is often 
represented by numbers in this way. • , The numbers mean that one volume of 
the concentrated acid is mixed with 7 volumes of water. The strength of the 
commercial acids varies within narrow limits. Magnesium is dissolved in dilute 
sulphuric acid (1 : 30) • in dilute hydrocMoric acid (1 : 7) i aluminium in warm 
dilute hydrochloric acid (1:3); aluminium in warm dilute sodium hydroxide 
(50 grras. sodium hydroxide, 600 c.c. of water); There are numerous other ways 
of doing the experiment besides that described m the text, ’ - 



“The Hydrogen Equivalent of the 
Metals. 
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fumisned by different metals are different. The weight of a metal required 
to displace one' gram of hydrogen is called the hydrogen equivalent, or the 
clieiiiical equivalent of the metal The following, numbers for the chemical 
equivalents of three metals are taken from student’s note-books : 

Zinc, 32*48 ; magnesium, 12*14 ; aluminium, 8*96. 

These numbers agreO' closely with .those obtained for, these . metals when 
referred to the standard oxygen = 8, p. 27. 

§ 4. Chemical Affinity. 

There are agents ia nature able to make the particles of bodies stick together 
by very strong attractions. And it is the business of experimental 
philosophy to find them out, — Isaac Newton. 

The cause of chemical action has mystified man from the earliest ages, 
and there is no prospect of an immediate solution. The crucibles, pelicans, 
and alembics of the working alchemists of the Middle Ages must have 
demonstrated every day in a thousand different forms that matter seems 
to be endowed with properties or to possess a kind of occult power in virtue 
of which two or more dissimilar substances, when brought into contact, 
give rise to other forms of matter possessing properties quite distinct 
from the original substances. The process of change is called a chemical 
reaction. At present, chemical action can only he referred hack to the presence 
of selective forces, indwelling in the different kinds of matter, tvhich lead 
certain substances, under certain conditions, to undergo chemical change. 
This selective force is called ‘‘chemical affinity.” Chemists are chary 
about using the term “ chemical a-ffinity ” because it suggests that elements, 
etc,, combine or react because of a relationship, kinship, or family tie. 
The elements fluorine, chlorine, bromine, and iodine, for instance, are said 
to have a “ family relationship ” or “ natural affinity ” for each other. 
As a matter of fact, elements related in this sense do not usually form 
stable compounds. On general principles it is well to avoid terms which 
are not clear and precise in meaning, and which are liable to misunder- 
standing, because they are not always understood in the same way by 
everybody.^ In chemistry, however, the term “affinity” is reserved to 
connote not a “ resemblance ” but a tendency of the different kinds of 
matter to unite with one another. H. Boerhaave used the term in this 
sense in 1732, and he metaphorically compared the force of affinity with 
“ love, if love be the desire for marriage.” We must allow, said J. B. 
Dumas (1837), that “ there is some truth in this poetic comparison.” 

It has been said that the term “ chemical affinity ” is a veil which covers 
our ignorance in obscure language. It will he observed that to say that 
oxygen unites with hydrogen because it has an affinity for it ” explains 
nothing, but restates the fact in different words. So also are statements 
like “ arsenic oxide causes death because it is a poison,” “ hydrogen 
burns because it is combustible,” “ potassium carbonate absorbs moisture 
from the air because it is deliquescent,^’ and “morphine induces sleep 

^ Some try to evade the difficulty by using other terms : elective attraction,” 
eherniciil activity,”^ chemical avidity,*’- “ eliemieal energy,” etc., but the 
original term, “ chemical affinity,”, is eonvenient, provided it Is kept in its place.' 

* « * . si amor dic&ndus: mpulcB .cupMa* . ■ \ 


HYDEOGEN 


117 


fcecaus©' of its soporific qualities.’’ ■ -ExplanatioBS and 'definitions of this 
kind are very rife, and the fault has been given a name — circular definitions. 
We quite recognize with Ne'vvton that to tell us that “ every species of 
thing is endowed with an occult specific quality by which it acts and pro- 
duces manifest effects is to tell us nothing.” Hence, the term “ affinity ” 
is used by chemists in a metaphorical sense for that peculiar force or form 
of energy which is the origin of all chemical changes. With this under- 
standing, chemical affinity can be conveniently regarded as “ the driving 
force of a chemical reaction.” In 1887, W. E. Ayrton and J. Perry 
expressed the idea that 

Reaction velocity = 

Consequently, if we could measure the chemical resistance offered by 
substances to undergo chemical change, it would be possible to get a 
definite and quantitative idea of chemical affinity from measurements 
on the velocity of a reaction. Ho real advance can be made in the study 
of chemical affinity until a method of measurement has been devised. 

§ 5. The Measurement of the Affinity between the Acids and the 

Metals, 

I often say that if you can measure that of which you speak, and cun express 
it by a number, you know something of your subject ; but if you cannot 
measure it, your knowledge is meagre and unsatisfactory, — I-.ORD Kelvin, 

The relation between the velocity and the driving force of a moving 
body. — If a ball be sent rolling with a velocity of 20 cm. per second, 
the force applied to the ball will be twice as great as would be required to 
make the bail travel with a velocity of 10 cm. per second during the same 
time. Neglecting friction, the intensities of the two forces are proportional 
to the velocities which they impart to each mass during the same time. 

The relation between the speed of a chemical reaction and affinity. 
— C. E. Wenzel, 1777, tried to determine the affinities of the metals for 
different acids by comparing the rates at which the metals liberate gas 
from acids of different concentration. He found that if an acid of a given 
concentration dissolves one unit of metal per hour, an acid of half that 
concentration will take two hours to dissolve the same amount of metal. 
The velocity of these reactions can be measured by finding the amount of 
gas liberated per minute, or the amount of acid or of metal consumed, say, 
every minute. Then, at any given moment : 

V 1 'f _ Amount of gas liberated A cid consumed 
e 1 y — Time occupied Time occupied 

The affinity of a metal for an acid depends on the concentration of the 
acid. In fine, the velocity of the chemical action at any instant is 
proportional to the concentration of the reacting substances — 
Wilhelmy^s law. 

If we start with a solution of such a strength that it contains a gram 
molecules of acid per unit volume, then at the end of a certain time x 
gram-molecules of the acid per unit volume will have been consumed, 
and the solution, will contain a — x gram-molecules of the acid per unit 
volume. Hence, the velocity of the reaction will gradually slacken down. 
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At tlie beginning of the reaction, -.tha velocity f .will be proportional to a ; 
that I’’— hi^ where h is a. constant. ; ^ and at the end of the tini.e t, tho 
velocity will be 

: ad 

Hence, in WeiizcFs experiment, when fa, .the reaction is only pro-, 
gressing half as fast as at the -.beginning when a?.^ = '0.. . The speed of the' 
reaction with zinc, and with magnesium, at different times, is illustrated 
in Fig. 35 ; where the abscissa axis represents time, 'and .the ordinate. axis 
the velocity expressed in any convenient units. ' The dotted -line' in the 
diagram with zinc shows that at the beginning the speed gradually in- 
t;roasc3, reaches a inaximum, and then giadually slackens as described by, 
Wiilielmy’s law. In the, initial- 'period, called The period .of induction, 
some time is occupied by tile reacting substances in inaugurating conditions 
favourable for chemical action. It is a common feature of ehemical 

reactions. ' , This ' period 
is so short with magne- 
sium in comparison with 
zinc that the former metal 
seems to receive a “ flying 
start” as a handicap in 
the race. 

.By measuring.' the rate 
at which hydrogen is 
liberated per minute per 
imit area of the diff erent 
metals on the same sample 
of dilute acid, it is possible 
to get a rough idea of the 
relative affinities of the 
different metals for that particular acid. Experiment shows that with 
dilute hydrochloric acid, starting with the most vigorous, this order is ; 

Potassium, sodium, calcium, magnesium, zinc, and iron. 

By measuring the rates at which hydrogen is evolved with one metal 
and different acids of equivalent concentration, we get an idea of the 
relative affinity of the acids for the given metal. ^ For instance, acids con- 
taining 36*5 grms. of HGl (hydrochloric acid) per litre ; 49 grms. of 112^^4 
(sulphuric acid) ; and 60 grms, of OH 3 COOH (acetic acid) per litre are 
chemically equivalent to one gram of hydrogen when tested by the methods 
indicated in Fig. 32. When such acids react with magnesium ribbon 
fsay, O'Oo grm.), the relative affinities appear to be in the order named : 


Hydrochlonc acid 100 

Sulphuric acid 70 

Acetic acid 0*5 


The ffrst gives off most hydrogen in a given time, the latter least. 

^ Text -books on algebra prove that when x is proportional to y^x ==>= hy, where 

h is a constant. 

^ The dissolution of naetals in acids is not suited for exact measurements 
oecause so many disturbing inffueiiCes are at work — local rise of temperature ; 
bubbles of gas protecting the surface of the metal from attack ; variations in 
the surface of the metal during, the action j etc. Still, the conclusion indicated 
above is in harmony with a great deal of work on a variety of simple reactions. 
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Returning to the law symbolized in the equation F = h{a — .t), with 
the acids of unit conoentration, it follows that the veioeitj’ F = Ic. And Ic 
lias accordingly been called the “ affinity constant ” of the acid for the 
metal ; k represents the speed of the reaction at the instant when the acid 
has unit concentration. The result of this discussion shows that the velocity 
of a chemical reaction is proportional (1) to the affinity constant^* 
between the reacting; substances; and :(2) to the ■ concerxtration of' 
the reacting substances. 

§ 6. Opposing Reactions. Goldberg and Waage’s Law'. 

In an aggregate of molecules of any compound, there is an exchange con- 
stantly going on between tlie elements which are contained in it. — 
A, W, Williamson {1850). 

Some of the earlier chemists — e,g, Torbern Bergman (1788) — argued 
that the result of a chemical change must be in favour of that substance 
wdth the stronger affinity. Accordingly, “ Affinity Tables ” were compiled 
to show the order in which the different substances would displace one 
another from a given compound : If A displaces B from, one compotmdy and 
B displaces C from another compound, the order of the affinity of these three 
auhstances is A, B, C, It was clearly recognized that this method of 
work does not give a numancal measure of affinity, but it was thought 
that relative results were obtained. The suggestion is certainly a good 
trial hypothesis. Let us compare it with the facts. 

We have seen that iron can displace hydrogen from its combination 
with oxygen ; hence iron has a stronger affinity than hydrogen for oxygen. 
Similarly, we have seen that hydrogen can displace iron from its com- 
bination with oxygen ; consequently, hydrogen has a stronger affinity than 
iron for ox3J'gen. These two conclusions are contradictory ; both cannot 
be true. Therefore the affinity hypothesis must he either false, or some 
poicerful periurhing influence must he at work. 

C. L. Berthollet clearly recognized an important disturbing factor, and 
described it in an heretical but prophetic monograph : Eesearches on the 
laws of affinity, in 1799. Berthollet noticed large quantities of trona — 
sodium carbonate — on the shores of the natron lakes of Egypt. He sug- 
gested that the sodium chloride brought down the rivers was decomposed 
by the calcium carbonate present on the banks of these lakes : 

CaCOs -I- 2iS[aCl - CaCia NagCOg 

Berthollet knew quite weU. that this reaction is the reverse of that which 
usually obtains in the laboratory, for sodium carbonate, when added to 
calcium chloride, precipitates calcium carbonate : 

NagCO^ + CaClg = CaCOg + 2NaCi 

But, added Bert-hollet, the large masses of calcium carbonate on the banks 
of these lakes is able to strengthen ” the weak affinity of carbon dioxide 
for sodium, or of chlorine for calcium.. Here Berthollet brings the dis- 
turbing factor into bold relief ; Chemical action is conditioned not only 
by affinity but by the relative concentrations of the reacting bodies. 
Excessive concentration' can, pompen^te' for- a weakness of affinity. , A 
chemical reaction can be reversed. by changing the concentrations of the 
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reacting bodies.' , We' must apply 'Bertboilet’s liypotbesis to the reaction 

■ ' under consideration— the action of iron OH' steaBi. 

At the outsety it will be obvious that we liave to deal with two opposing, 
reactions : ■ steam.; .reacts with -iron 'to produce iron , oxide, and hydrogen : 

and Iron,, oxide and hydrogen react to produce steam and metallic iron; 
¥6304 4- 4H2 = 3Fe + 4H2O 

Two independent and antagonistic changes take place simultaneously in 
the system. The result of the change will be .determined by the fleeter 
reaction. When steam is passed over red-hot iron, the hydrogen does 
', not get mue,h, chance^ it 'is carried away into,' the gas jar "before, it has ,liad, 
time to set up the reverse change. Similarly, when hydrogen is passed 
over red-hot iron oxide, the steam does not get a chance, for it is carried 
away from the reduced iron by the stream of hydrogen. 

In order to study the affinity relations between these different sub- 
stances, they should be heated in closed vessels so that the products of 
the reaction are not whisked away from the seat of the reaction as soon 
as they are formed. The result is then very curious. It seems as if the 
reaction stops after a time. At any rate, if the temperature remains 
constant, no further change can be detected, however long the system 
be heated. In other words, the system assumes a state of equilibrium. 
Experiment show's that at 200° the system is in equilibrium when the 
volume of the steam is to the volume of hydrogen nearly as 1 : 20. Other- 
wise expressed, for equilibrium at 200° ; 

Concentration of steam __ J[_ 

Concentration of hydrogen 20 

If a mixture of one volume of hydrogen and twenty volumes of steam 
be passed over iron filings or over iron oxide at 200° no apparent change 
will occur, for the mixture, after passing through the tube at 200°, will 
have the same composition as when it entered if no secondary actions 
occur. If more than tliis amount of hydrogen be present at 200°, some 
iron oxide will be reduced until the equilibrium ratio 1 : 0‘05 obtains, and 
conversely, if less than this amount of hydrogen be present, iron oxide 
will be produced until the equilibrium ratio is obtained. If the temperature 
be raised, the velocities of the two reactions are altered in such a way that 
at 440° the concentration of steam will be to that of hydrogen nearly as 
1:6, or as 0T7 : 1 ; and at 1500°, as 1:1. This means that if equal 
volumes of steam and hydrogen be passed over iron filings or iron oxide 
at 1500°, no change in the composition of the gaseous mixture will be 
perceptible. 

Chemical equilibrium is dynamic, not static.— Let us now try to 
picture what is taking place. Start with metallic iron and steam. At the 
outset w'hen the reaction is just starting, the velocity of decomposition 
of the steam wiU be greatest because the system then contains the greatest 
amount of reacting substance ; and we have seen, p. 117, that the velocity 
of chemical action is proportional to the concentration of the substances 
taking part in the reaction.” From this moment, the velocity of the 
reaction gradually slows down as the concentration of the reacting steam 
becomes less and less. On the other hand the velocity of the reverse 
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action will be zero at the commencement, because none of the reacting 
hydrogen is then present. The speed of the reverse change -will become 
faster and faster as the product of the first-named reaction--hydrogen— 
accumulates in the system. Ultimately, a point will be reached where the 
velocities of the two opposing reactions will be equal. The one will be 
balanced by the other. The reaction will appear to have stopped in spite 
of the fact that more or less of the original substance still remains un- 
transformed. The system is then in a state of equilibrium. No further 
change will occur, however long the substances be heated under the same 
physical conditions of temperature, etc. Chemical changes of this kind are 
conveniently styled opposing or balanced reactions. The idea of a dynamic 
and not a static equilibrium in such reactions was emphasized by A. W. 
Williamson about 1850, while studying the action of acids on alcohol. 
He said : “an exchange is constantly going on betw^een the elements of 
the molecules of a compound so that each atom of hydrogen in the mole- 
cules of HCl present in a drop of hydrochloric acid does not remain quietly 
in juxtaposition with the atom of chlorine with which it first united, but, 
on the contrary, is constantly changing places with the other atoms of 
hydrogen, or, what is the same thing, changing chlorine,” and he further 
adds that when a system appears to be in equilibrium, that condition 
“is only kept up by the number of exchanges in one direction being 
absolutely the same in each moment of time as those in the opposite 
direction.” 

Reversed pointers “ ” are conventionally used in place of the symbol 

^ » for opposing reactions, so as to indicate that tw^o reactions are 
proceeding simultaneously “ from right to left ” and “ from left to right.” 
Accordingly, the reaction under consideration is symbolized : 

3Fe + 4 H 2 O ^ FeaO^ + 4 H 2 

Opposing reactions are also called incomplete or reversible reactions 
in contradistinction to irreversible or complete reactions typified by the 
action of zinc on sulphuric acid, where the reaction is completed in one 
. direction and is not opposed by a counter reaction. 

It is not difficult to see that the absolute quantities of steam, hydrogen, 
iron, and iron oxide, in the reaction under consideration, do not matter. 
The velocities of the two opposing reactions, and therefore the distribu- 
tion of the reacting substances, when in equilibritim, is determined 
by the relative concentrations of the changing substances. This is 
conveniently expressed by the number of gram-molecules of each present 
in unit volume. Thus 18 grams of water — HgO — ^per litre represents one 
gram-molecule ; 36 grams of water per litre, two gram-molecules ; etc. 
The concentration of a reacting substance is sometimes (inappropriately) 
called its active mass ; Berthollet called it chemical mass. 

If the surface of the iron were doubled, it is true that twice as many 
molecules of the black oxide, FegO^, might he formed in a given time by 
the decomposition of the steam, but then twice as many molecules of FcgO^ 
would be decomposed by the hydrogen in the same time. Hence, the 
amount or the concentration of the solid can have no appreciable 
influence on the equilibrium; although it may affect the speed at 
which the state of equilibrium is attained. In studying equilibria in 
gases and liquids, anything which separates in the solid condition is often 
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supposed to be thro'wix.oiit. of the' rcaetiiig system, because the state of 
eqiiliibriniii is iiidepeiideiit of the concentration of the solid ; and a liquid 
miileh siqiarates when studyiiig ■gaseous equilibria,, ,is also supposed .to 
thrown out of the .reacting. system. , We shall find a'li, analogy in studying 
the vapour pressure of water in'' presence of its own liquid. ,Tlie vapour 
pressure is independent of the amount of liquid water present. ' ,■ , ^ 

The decoinimsition and formation of mercuric oxide at different 
temperatures (p.' 22) in a closed .'vessel is another examj)I'e of opposing 
reactions, because the two , reactions proceed simultaneously ,: . .,2HgO 
^2Hg-f Og. The sfcudy of this reaction Is complicated by the vaporiza- 
tion of the mercury. When the system, is .in equilibrium, .mercury vapoim 
and oxygen are uniting to form mercuric oxide, and mercuric oxide is 
decomposing into mercury and oxygen. When the speeds of the two 
reactions are balanced, the gases exert a definite pressure — ‘equilibrium 
pressure — which measures the concentration of the gases. As the tem- 
perature is raised, the speed of decomposition of mercuric oxide is 
augmented more than the reverse change, and the equilibrium pressure 
increases as the temperature is raised. One-third of the total pressure 
of the gases is due to oxygen, and two-thirds to mercury. Hence the 
course of the reaction can be studied as in the case of iron and steam. 

vSteam alone is decomposed when heated to a high temperature. The 
higher the temperature the greater the amount decomposed, or dissociated 
into its elements: 2 H 2 O ^ 2 H 2 + Og* For instance, W. ■Nernst aixd 
H. von Wartenberg (1906) found : 

Temperatnre .... 1000^ 1500° 2000° 2.500° 

Amount dissociated . . 0*00003 0*0231 0*5880 3*98 per cent. 

This means that if 100 grms. of steam be heated to 2500°, at atmospheric 
pressure, the mixture will be in equilibrium when it contains approximately 
06 grms. of steam, 3 '55 grms. of free oxygen, and 0*45 grm. of free hydrogen. 
If the temperature be lowered some of the hydrogen and oxygen will 
recombine; if the temperature be raised more steam will be decom- 
posed. l^Tien a substance decomposes with a change in the physical 
conditions — temperature, pressure, etc. — and the products of decomposi- 
tion recombine when the original conditions are restored, the process of 
decomposition is said to be dissociation. 

The ideas developed in this section were not so clear to the old workers, 
not even to Bertliollet himself, for Berthollet appears to have confused 
the incompleteness of certain reactions with the law of multiple pro- 
portions. The confusion gave him some strong arguments in the 
Berthollet v. Proust Controversy,” indicated on p. 28. Proust did not 
know enough to clarify BerthollePs argument. 

Chemici affinity. — To summarize the preceding discussion : cliemicaJ 
affinity is a convenient term for the driving force which causes certain 
substances to combine together and to remain united with one another. 

1. Unlike gravitation, chemical affinity seems to act only when the 

reacting substances are in contact with one another ; or, as it is 
sometimes expressed : ; when the substances are brought within 
* insensible ’ distances of ehch -other,’ ’ 

2, Unlike gravitation, cheixpeal affinity is a selective force, and it seems 

to act more intensely the more unlike the substances are ; or, 

- as it k sometimes expressed i like reacts with the unlike.’’ 
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3. The affinity of an element. -is not only .definite as: to Mni% bnt it is 
also definite as to the quantity of the elements wliieli enter into 
comhinatioii. In this again it. differs from gravitational attrac- 
tion. The quantitative characteristics are described by the 
Laws of chemical combination,” discussed in Chapter II. 

4.. The strength of the affinity varies 'with changes, in .the conditions 
of temperature, pressure, light, etc. Gravitational attraction 
does not appear to be affected by these factors. 

5, The velocity of the effect produced by chemical affinity is modified 

by the relative concentrations — active masses — ^of the reacting 
substances. 

6, The principles of opposing reactions just outlined are included in 

Guldberg and Waage’s law of mass action— viz. in balanced or 
reversible reactions the extent of the chemical change is ^proportional 
to the active masses or concentrations of the interacting substances — 
so called because the ideas of Berthollet w^ere considerably ex- 
tended by C. M. Guldberg and P. Waage in an important memoir 
published in 1864. 


§ 7. The Properties of Hydrogen. 

The more salient properties of hydrogen have been discussed on p. 59. 
Hydrogen is not very soluble in water — 100 volumes of water at 0° absorb 
about 2 volumes of gas, and at 20°, 1*8 volumes of gas. Hydrogen was 
once used as the standard for the atomic weights because it is the lightest 
element known. The lightness of hydrogen has been illustrated, Fig. 10, 
p. 59, A cardboard box or a light glass vessel can be counterpoised, 
bottom upwards, on a balance. The beam will ascend when hydrogen is 
poured upwards into the inverted vessel. Soap-bubbles blown with the gas, 
or collodion balloons filled with the gas, rise to the ceiling very quickly. 
Hydrogen is accordingly used for filling balloons. Coal gas is used for 
the same purpose ; it is cheaper than hydrogen, though not so buoyant. 
The lifting power of hydrogen is about 1*2 kgrms. per cubic metre, or 
about 68|- lb, per 1000 c. ft. 

If the molecular weight M (hydrogen 2) of a gas be expressed in ozs., an oz.- 
molecule of the gas will' occupy 22*3 c, ft. at n.p.t. ; an oz. of the gas will thus 
occupy 22'3/M c. ft., and a pound of the gas will occupy nearly ZoljM c. ft., or 
a c. ft. of the gas will weigh M/357 or 0*0028 M lb. Again, the lifting x>ower of 
a volume of any gas is equal to the difference between the -weight of tlie gas 
and the weight of an equal volume of air at the same temperature and pressure. 
The lifting power of a gas of molecular weight M at sea-level is therefore 
0’0028?.'(28 — 98 — M) lbs., so that the lifting power of 500,000 c. ft. of hydrogen 
at n.xo.t. is nearly 38,000 lb. 

Hydrogen is not poisonous, and animals placed in hydrogen are 
suffocated for the want of oxygen. When hydrogen is inhaled, the voice 
becomes shrill — ^approaching falsetto. The pitch of organ pipes and other 
wind instruments is raised if a blast of hydrogen be used in place of air. 
This is in agTeexnent with the fact that the frequency of a note is inversely 
as the square root of tlie density of a gas.^ 

Just below the critical temperature, — 241°, a pressure of about 20 
atmospheres will liquefy the gas; above the critical temperature, no 



124 MODERN INORGANIC CHEMISTRY 

pressure^ however great, will li(|uefy the gas. This is one definition of 
“ critical temperature,” The liquid is clear and eoiourkss, resembling 
water, but it has a specific gravity 0*07, and boils at — 252°. Hydrogen 
solidifies when the liquid is evaporated in a partial vacuum. The white 
solid is crystalline, melts at — 259°, and has a specific gravity 0*076. The 
data concerning the change of state of hydrogen can be symbolized : 

— 259 ° — 252 ° 

Hydrogen ^ Hydrogen Hydrogen 

The combustible qualities of hydrogen have been indicated on p. 59. 
The oxyliydrogen flame is one of the hottest gas flames knowm. ^ When a 
stick of quicldime is placed at the tip of the flame from a mixture of 
hydrogen and oxygen burning from a special jet to avoid risk of explosion, 
the lime does not melt, but it- becomes white hot and glows with an 
intense white light known as Drummond’s light,” or the lime-light ” 
or calcium light.” If zirconia be used in place of lime, the zircon 
light ” is obtained. The oxy hydrogen flame is also used for the autogenous 
wielding of metals, soldering platinum, and for making vessels of fused 
quartz. 

Catalytic agents. — Although the combustibility of hydrogen is one of 
its most characteristic properties, perfectly diy hydrogen ignites with 
difficulty, if at all, w-hen mixed with perfectly dry oxygen. Note, how- 
ever, that ‘^moisture” is a product of the reaction. Many other 
combustible substances, if perfectly dried, do not burn when moisture 
is rigorously excluded. The moisture is here said to act as a catalytic 
agent — mrl (kata), down ; Atitu (lyo), I loosen. Finely divided platinum 
is also a catalytic agent for a mixture of hydrogen and oxygen, for, in 
contact with freshly ignited finely divided platinum, or platinized asbestos, ^ 
these gases can combine at much lower temperatures than they can 
do in its absence. The platinum suffers no perceptible change during the 
action. 

Hydrogen and oxygen, so far as we can tell, may remain an indefinite 
time in contact with one another at atmospheric temperatures without 
showing any sign of chemical action. Some say that the gases do 
react, but very very slowly. By measuring the diminution in the speed 
of the reaction from, say, 600° to 500° to 400° to 300°, and assuming 
that the rate of diminution of the speed of the reaction follows that same 
iaw" — ^reduction of the speed one-half per 10° reduction of temperature — 
it has been stated that no appreciable amount of hydrogen and oxygen 
will have combined if a mixture of these gases be allowed to stand 
at ordinary temperatures 1,000000,000000 years. The student has the 
option of accepting or rejecting statements like these. They can neither 
be proved nor disproved. As P. Duhem has said ( 1910) : “It comes to the 
same thing experimentally whether we say that the velocity of a reaction 
is absolutely null, or that it is so small that there is no way of detecting it.” 

Returning to the catalytic agent — ^finely divided platinum. If a jet 
of hydrogen be allowed to impinge on recently ignited but cold 2 )latinized 
asbestos, the mass of platinum becomes hotter and hotter until finally 

^ Asbestos is dipped.in a solution of platinum chloride and ignited. A deposit 
of very finely divided platinum is left on the asbestos, which is then called 
pmitnized mbeHio,% 
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the temperature is sufficient ta ignite the hydrogen gas. Similarly, if 
fresh platinized asbestos be placed in a mixture of hydrogen and oxygen, 
the gaseous mixture will explode in a short time. The platinum is said 
to act, not by starting the reaction, but simply by accelerating the im- 
measurably small speed of combination of the cold gases until they combine 
at a prodigious rate. The student of chemistry must bear in mind that 
this is the fashionable view of the function of the catalytic reagent ; 
to-morrow it may be unfashionable. We do not really know how the 
catalytic agents — moisture and platinized asbestos^ — act. 

“ Toy ” automatic cigar lighters are made so that by turning the tap 
of a little hydrogen generator — not unlike the Kipp’s apparatus in principle 
—a jet of hydrogen can be directed on to a piece of spongy platinum when 
a “ light ” is desired. The platinum becomes hotter and hotter, and 
finally ignites the jet of hydrogen. The flame is extinguished by turning 
the stopcock, and the apparatus is ready for another ignition when the 
jet of hydrogen is again turned on to the platinum. This is the principle 
of the self-lighting lamp designed by J. W. Dobereiner in 1822. Impurities 
in the hydrogen gas, however, appear to “ poison ” the piatinum, for the 
apparatus soon ceases to be effective. 

§ 8. The Action of Hydrogen on the Metals. 

Absorption or occlusion. — Some metals — particularly platinum and 
palladium — absorb relatively large volumes of hydrogen. According to 
Thomas Graham (1867-9), palladium will absorb 935 times its own volume 
of hydrogen in cooling from a red heat, and at ordinary temperatures, 
276 times its volume. The actual amount absorbed depends upon the 
physical condition of the metal. According to G. Neumann and F. Streintz 
(1892), one volume of the following finely divided metals will absorb the 


following volumes of hydrogen 




Palladium black . 

502*3 

1 Nickel .... 

. . 15*6 

Platinum sponge . 

49*3 

Copper . . 

. . 4*5 

Gold 

46*3 

Aluminium . 

. . 2*7 

Iron 

19*2 

Lead .... 

. . 0*1 


The hydrogen is given off when the metal is heated, particularly under 
reduced pressure, and this property of. palladium furnishes a useful means 
of weighing hydrogen gas. It was used by Moiiey in his "work on the 
combining weights of oxygen and hydrogen (p. 46). 

Palladium increases in volume during the absorption, but its general 
appearance and properties are not much altered, although a considerable 
amount of heat is evolved during the absorption. Graham called the 
phenomenon occlusion (from occludo, I shut up). The ga,s is said to be 
occluded by the metal. The phenomenon is now generally called adsorp*- 
tion, meaning that the gas adheres in some unknown way to the metal. It 
was once thought that the palladium formed a chemical compound— 
PdgH — with the hydrogen, but this has not been accepted as a full explana- 
tion. Graham thought that the gas hydrogen condensed to a solid metal 
which formed an alloy with the palladium. He gave the name hydro- 
genium to this hypothetical solid to indicate its supposed metallic nature. 
Solid hydrogen, however, has rather the properties of a non-metal, not 
a metal — ^its specific gravity, for in8tance,;it but one-eighth that eaieulated 
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for adsorbed hydrogen in palladium. The relation ' between the. adsorbed 
li 3 ilrogen and the metal is not quite clear. 

" Nascent state. — Hydrogen at the moment of. its formation is .more 
elieraiealiy active than. 'ordinary hj^drogem For 'instance,, ordinary 
h.ydroo-eji can be passed into an acidified solution of ferric chloride without 
producing any appreciable change, but if metallic zinc be placed in the 
solution, "the brisk evolution of hydrogen is .soon attended with.' the reduc- 
tion of the ferric cliioride to ferrotis chloride. The ferrous cliloride gives no 
reddish coloration with a solution of potassium thiocyanate ; the ferric 
cliloride gives a blood-red coloration. Hence, hydrogen in the 
eomUUon^'a^t the moment of' its 'birth, can .do chemicai .work -which' tlie' 
ordi nary gas cannot do. ‘ * Hydrogenized palladium ^ ’ also can do chemical 
work winch ordinaiy gaseous hydrogen cannot do. It can reduce a solution 
of ferric chloride to ferrous chloride, for instance i^—FeClg + Hpaiiadium 
= FeCia “h HGl. We shall find later on that at least three possible 
hypotheses are available for explaining this phenomenon ! One of these 
hypotheses regards the hydrogen at the moment of its bn'th---^a^c<?r, to 
he born^ — as being in the atomic state. 

According to I. Langmuir, atomic hydrogen can be obtained by heating 
filaments of tungsten, palladium, or platinum to a high temperature in 
a gas of low pressure. The atomic hydrogen so prepared is said to com- 
bine with oxygen at room temperature, and with phosphorus to form 
phosphine, PH 3 . J. J. Thomson, and F, W. Aston showed that triatomic 
hydrogen, hyzone, can exist, and G. L. Wendt and R. S. Lanclauer 
(1920) prepared it by the action of a-rays on ordinary hydrogen at atmo- 
spiheric pressure, and by passing hydrogen thi’ough a silent discharge tube 
(see ozone), dr through a vacuum tube at a pressure of 20 to 80 mm. This 
form of hydrogen is said to react directly with sulphur, arsenic, phos- 
phorus, mercur}^ and nitrogen, and to reduce potassium permanganate in 
acid or neutral solutions. 

Permeability of the metals to gases. — ^Hydrogen gas can diffuse 
tinough solid platinum, palladium, iron, etc. For instance, if hydrogen 
he i>assed tlirough a palladium tube, the gas escapes comparatively quicldy 
through the walls of the metal tube. It has been estimated that about 
4 litres of hydrogen can pass through a square metre of palladium per 
minute ; and about half a litre through a square metre of platinum in the 
same time. ^ The explanation of this action is probably connected with 
the adsorption of the gas by the metal. This phenomenon has to be taken 
into consideration in chemical analysis when certain substances are heated 
over the gas flame in a platinum crucible. Reducing gases, from the coal 
gas, pass through the walla of the crucible and exert a reducing action on 
substances being ealeined — e,g, manganese oxide, 

Hydrides.—Hydrogen forms compounds with most of the non-metals 
and many of the metals. These compounds are called hydrides. Hydrides 
of tlie non-metals are usually stable, while the hydrides of the metals 
are rcaatively unstable. Hot only is water an oxide of hydrogen, but it 
can also be^ regarded as ,an. oxygen hydride, Ammoniar- -NHs— is a 
nitrogen trihydride ; hydrazoic acid— NgH-— is a trinitrogen monohydride ; 
methane — — and the hydrocarbons generally’* ai^e carbon hydrides. 

^ About 1:10 c.o. :of hydrogen,will diffuse throiigli a sheet of indiambber 
about tile same size and tliieliness in .the same time. 
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Arsenic liydride—AsHg, pliosphorns hydride — ^PH 3 , .etc.,;arc example.^ of 
noii-metalMc hydrides ; while potassium hydiide—KH ; sodium liyclride— 
NaH; ^ etc., are examples of nietaiiic hydrides. Calcium hydride — 
CaHg — ^is soid under the name “ hydi’ohth- ” for making hydrogen. By 
simply treating hydrolitii with water, hydrogen is evolved. 




§ 9. The Diffusion of Gases. 

Owing to the fact that air is 14 times as heavy as an equal volume 
of hydrogen under the same physical conditions, if a jar of hydrogen be 
placed mouth upw^ards under a jar of air, mouth downwards, most of the 
hydrogen will how upwards into the upper cylinder, and air will flow down- 
wards into the iow'er cylinder — ^Eig. 36. The action is analogous wdth 
•what would occur if the lower cylinder contained an oil and the upper 
cylinder water. The oil and water would change places. The two 
Liquids can be left an indefinite time without mixing, for the twn liquids^ 
oil and water — are immiscible. On the contrary, the two 
gases—hydrogen and air^ — will spread throughout the 
twn vessels in a short time and in such a way that the 
two cylinders will enclose a homogeneous mixture of air 
and hydrogen. The gases are miscible in all proportions. 

Had the tw^o liquids been soluble in one another — say 
alcohol and water instead of oil and water — these also 
would have diffused one into the other so as to form a 
homogeneous solution of alcohol and water. 

The process of diffusion in the case of liquids appears 
to be very much slower than with gases. The molecules 
of gases seem to lead a more or less independent exist- 
ence. This is illustrated by the rapidity with which the 
molecules of, say, ammonia can travel from one end of 
a room to the other and affect the sense of smell. In 
liquids, however, the molecules are much less mobile. 

This can easily be proved by dropping a small grain of 
aniline dye into a tumbler of clear still w'ater. The water wnll bo 
uniformly coloured in a few weeks. The molecules of solid substances have 
practically lost their mobility. But not all. Carbon laid in contact wdth 
pure, hot, solid iron will diffuse into the mass of the metal ; gold in contact 
with lead will, in a few years, diffuse into the lead in appreciable quantities ; 
carbon wall diffuse into the body of hot vitrified porcelain ; and metalHc 
silver will diffuse into hot glass, staining it yellow. 

The transfer of gases in bulk from one vessel to another is an effect 
of gravitation, whereas diffusion is not an effect of gravitation, 
Thomas Graham (1832) showed that the speed at which the molecules 
of a gas can oiffuvSe or travel through thin porous membranes is related 
to the specific gravity of the gas. Eor example, hydrogen diffuses nearly 
four times as fast as oxygen ; the relative densities of hydrogen and 
oxygeii are nearly as 1 : 16 ; , and the relative rates of diffusion of the 
two gase»s ai'c nearly as ^ 16 : aJ I ; ?*.e.,as 4 : 1. Thus we have Graham^s 
law of diffusion : the relative speeds of diffusion of gases are 

^ The formula?. Na^H and KgH/giveh.by L, Troost and P, Hautefeuiile (1873). 
are considered, to b© erroneous. 



Fm. 38 , — 
Diffusion Ex- 
periment. 
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iE¥erseiy proportional io the, square roots of their relative densities. 
Oraliain measured the speed of diffusion of gases through thin porous 
plates, and found the numbers indicated in the last column of the sub- 
joined table. ^ The preceding colunm represents the theoretical numbers 
calculated on the assumption that the speeds of diffusion are inversely as 
the relative densities. The observed numbers for the speeds of diffusion 
agree very closely with those obtained by calculation. There is an 
interesting application of the law. 


Table VI. — Speeds of Diffusion of Some Gases and Geaham’s L.4w« 


Gas, 

Belative 
density 
H= 1. 

Calculated speed 
of diffusion from 

1 

Observed speed 
of diffusion 
(Hydrogen = 1) 

Violative density. 

Hydrogen 

1 

1 

1 

Methane (QH^) 

8 

0*354 

0*351 

Carbon monoxide (CO) . . 

- 14 

0*267 

0*278 

Nitrogen , ' . 

14 j 

0*267 

0*265 

Oxygen 

16 

0*250 

0*248 

Carbon dioxide (COg) . 

22 

0*213 

0*212 


To find the relative density of a gas by comparing its speed of diffu- 
sion with that of another gas of known density. — ^Let Di and 
represent the relative densities of two gases one of which, Dj, is known, 
the other, is unknown. Suppose that the relative speeds of diffusion 
of the two gases Fj and are known. Then, it foUovs from Graham’s 
law : = Y Given any three of these numbers, the fourth 

can be calculated by arithmetic. 

Examples. — (1) The speeds of diffusion of carbon dioxide and of ozone were 
found by Soret (1S68) to be as 0*29 (Fj) is to 0*271 {Fjj). The relative density of 
carbon dioxide is 22 {Dj) when H = 1. WhaUs the relative density of ozone (Do) ? 
From the preceding relation, it folio w's that s/D^— 0*29 X V22 -r 0*271 ~ 0*29 x 4* 09 
X 3*69 ; or = (5*02)2 25 nearly. 

(2) A, Ladenberg (1898) found that ozonized air required 307*4 seconds to 
diffuse under conditions where pure oxygen required 430 seconds : what is the 
specific gravity of the ozonized air, assuming that the specific gravity of oxygen 
is unity ? Ansr. 1*3689, 

Advantage has been taken of the different speeds of diff usion of different 
gases to devise several pleasing experiments. The simple facts can bo 
illustrated by fixing porous pots ^ to the ends of bent tubes as showm in 
the Figs. S7“39, The porous pots contain air. Bring a cylinder of 
hydrogen over the one porous pot. Fig. 37. Hydrogen diffuses through 
the walls of the pot faster than the air can diffuse outwards. Conse- 
quently, the pressure of the gas inside the porous pot will increase. This 
is showm by the motion of the coloured liquid in the U-tube aw^ay from 
the porous pot. Before the cylinder of hydrogen was placed over the 

^ I have recalculated Graham’s numbers, to H = 1 iiistead of air = 1 j I have 
also used whole number appiroximations for the relative densities. 

2 Generally used for batl^ry cells. Ordinary clay tobacco pipes with the mouth 
of the bowl closed with piaster of Park; will ser%’*e quite %Yell for the experiment. 
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porous pot, the air ■ diffused inwards and outwards tiirougli the pot at 
the same rate.^ Repeating the experiment, Eig. .38, with "'a cylinder of 
carbon dioxide instead of hydrogen, the'air moves outwards from the porous 
pot faster than the carbon dioxide can pass inwards. Conse€|uently, there 
is a ; reduction : in the 
pressure of the gases in, 
the porous , pot. This 
is shown by the motion 
of the liquid in the 
U - tube towards the 
porous pot. 

If the liquid in the 
leg of the U-tube be 
connected with a bat- 
tery and electric bell, 
and if a wire be fused 
in the leg of the U4ube 
so that when the liquid 
rises electric contact is 
made, the bell will ring. 

A device based on this 
principle has been sug- 
gested as an alarm 
indicator for the escape 
of coal gas in rooms, 




Fig. 37. 


Fig. 38. 


Diffusion Experiments. 


or fire-damp in coal mines. These gases, like 
hydrogen, diffuse through the walls of porous pots faster than the air can 
escape. The experiments, Fig. 37, can be modified so that the Liquid is 
sprayed from the tube like a miniature fountain. The outward pressm-e 
of the gas, Fig. 37, can be made to blow a soap bubble if a film of soap 
solution be placed across the widened mouth of the tube, Fig. 39. 

The ready diffusion of gas through the walls of buildings plays a part 
in ventilation. Most building materials are porous, and permit the passage 
of gases through them in both directions. The diffu- 
sion does not take place so readily when the walls are 
saturated with moisture — euj, new buildings, etc. 

If a slow current of electrolytic gas, that is, the 
mixture of hydrogen and oxygen obtained by the elec- 
trolysis of water, be allowed to pass through the stem 
of a “ church- warden ” clay pipe, and the gas issuing 
from the pipe be collected in a gas trough, the gas 
thus collected will no longer explode when brought in 
contact with a flame. On the contrary, it will re- 
kindle a glowing chip of wood, showing that oxygeix 
is present. In passing through the porous pipe, 
hydrogen escapes by diffusion through the porous 
walls of the “ clay tube ’’ much more rapidly than the 
heavier oxygen. Tliis phenomenon — the separation 
of one gas from another by diffusion — ^has been called, by Grahaxn, 
atmolysis — (atmos), vapour ; Xvm (iyo), I loosen. If a current of 
steam be passed through a porous' tube at a high temperatxire, and if 
the porous tube be surrounded by another tube of glazed impervious 



Fig. 30. — Diffusion 
Experiment. 
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porcelai^'i, tlic water Yapoiir will be dissociated by the heat into 
iiydrojjcn and oxygen, p. 322 j, since the hydrogen diffuses much faster 
than the oxygen, hydrogen will pass from the inner tube into the annular 
space between the two tubes. The hydrogen may 'be collected in a suit«* 
abirj gas trough. Similarly, the residual oxygen can be collected from 
the gaseous steam passing along the inner tube. Of course, the hydrogen 
is contaiiiinated with more" or less oxygen, and the oxygen i.¥ith more or 
less hydrogen. 

' Are the molecules of a gas all alike ?’ — ^Experiments on atmolysis, enable 
an answer to be returned to this question. If a gas like hydrogen or oxygen 
f:>e allowed to diffuse through a porous septum, no difference can be detected 
in the properties of the gas on both sides of the septum. If some of the 
inoltKuiies of, say, hydrogen had a sensibly greater density than the others, 
it would be possible to produce two kinds of hydrogen by atmolysis. This 
cannot be done, and hence it is inferred that if there is a difference in the 
moieeules of hydrogen, it is too small to be detected. The alternative is 
tliat if there is a definite proportion of two kinds of molecules in equilibrium, 
equilibrium is restored on both sides of the septum as soon as the two kinds 
of moieeules are separated. W. Ramsay and J. N. Collie (1897) inferred 
that helium is a simple substance because repeated atmolysis does not alter 
its density; Lord Rayleigh and W. Ramsay (1895) showed that atmo- 
spheric nftrogen is probably a physical mixture of nitrogen with a heavier 
gas, because repeated atmolysis does alter its density ; and F. W. Aston 
separated neon into two gases with densities 19*9 and 22*1 and hence 
inferred that neon is a mixture of two gases of different densities. 

Questions. 

1. Indicate by means of equations four methods of preparing hydrogen. 
What weight of zinc is required to produce iOO litres of hydrogen gas measured at 
27° G. and 0^ mm. pressure ? {Zn ~ 66. 22' S litres' of oxygen measured at 
0° and 760 mm. weigh 32 grams.) — St. Andrews Vniv. 

2. Kxpiain the connection between the terms Equivalent and Atomic weight, 
O’iOO gram of a metal gave on treatment with a dilute acid 34*2 c.c. of hydrogen 
measured at N.T.P. Calculate the ec[mvalent of the metal. What further 
information is required in order to deduce the atomic weight ? — Aherystivyth Univ, 

3. What is meant by “ atmolysis ” ? The specific gravities of air and iydro- 
gen are as i ; How many cubic centimetres of hydrogen will pass through 
a stucco plug in the same time that 1 c.c. of air will pass through ? — Science and 
Art Dept, 

4. When 2*331 grams of lead oxide are heated in hydrogen, 2*163 grams of 
metallic lead are obtained. Suppose the atomic weight of oxygen to be 16, find 
the quantity of lead combined with 16 parts of oxygen. — Oxford Senior Locals. 

6. Ten grams of water are (1) decomposed by sodium ; (2) passed as steam 
over red-hot iron ,* (3) decomposed by an electric curi’ent. What volume of gas 
under standard conditiong is produced in each case ? — Owens Coll. 

Compare the lifting power of hydrogen of molecular weight 2 with that of 
helium of molecular weight 4 when used for filling Zeppelin balloons. 

7. Galeulaty the weight of anhydrous zinc sulphate and the volume of hydrogen 

at and 735 mm. pressure pi'oduced by the action of dilute sulphurie acid on 
12 grms. of zinc. Hydrated zinc sulphate on heating to 100° loses 37*64 per cent, 
of water, and on heating to a higher temperature 6*27 per cent. more. (Calculate 
the simplest molecular formula for hydrated zinc sulphate, and find how many 
moloeulosof water are lost, by the-first heating (Zn == 66, S -■=! 32, O “ 16, H — i), 
-—Cape linhh . , ' ‘ , 

,8. Btate the law of diffusibn of gases, and state cnrefully the ratio of the rate 
of diffusion of oxygen (molecid^ir weight 32) to that of air (density 14*4},—' 

Amfmtd Coll. 
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1). A particular gas lias a diffusion rate 0*81 refem’ed to air 1*0, Find tbe 
density of tlie gas . — London Univ. 

10. 120 e.c. of oxygen are mixed mtli 40 c.c. of hydrogen ajid tlic mxxtiiro 
exploded. What volume and weight of gas remain after explosion ? Barometei'* 
745 mm. » thermometer 12°.~On’ens CoZZ. 

11. The relation rates of diffusion of oxygen, hydrogen, and iritro^xcn are 
respectively 0*96, 0'80, and 1‘015. What deduction" can'ljc dravn fi'om tiioso 
figures concerning the density of nitTogeii h—London Univ, 

12. An air -ship with a gas capacity of 100 cubic metres is to be Ixalf filled with 

hydrogen at a temperature of 16° and a pressureof 760mm. If the hydrogen be ob- 
tained by the action of iron on dilute acid, what weight of iron will be required ? 
Why is a balloon never quite filled with gas ? Fe o6. One litre of hvxlroveii 
at 0® and 760 mm, weighs 0'9 grm.—C7am&nd^e Z/ww. “ 



GHAPTEE VII 


The Kinetic Theoey of Atoms and Molecules 

§ 1. Matter and Energy^ 

Substance is like a river in continual flow ; the energies undergo constant 
elnmges and cause work in infinite variety. There is hardly anything that 
stands still or remains still. — Marcus Aurelius. 

J^Iatter, as perceived by the senses, possesses certain attributes — weight 
and extension in space — which appear to be permanent and essential 
qualities abiding in all known kinds of matter ; whereas other properties 
appear to be secondary and accidental attributes — e.g. colour, odour, etc., 
which are peculiar to specific forms of matter. Matter may also be found 
under dih’erent conditions of temperature, electrification, motion, etc., and 
daily experience teaches us that changes are continually taking place in 
the conditions of bodies around us. Change of position, change of motion, 
of temperature, volume, and chemical combination are but a few of the 
myriad changes associated with bodies in general. 

The forms of energy .—It is evident that, in order to keep a grindstone 
in motion, a certain amount of, say, muscular energy must be expended 
to overcome the resistance opposed by the air, axle bearings, etc. If a 
piece of steel be i3ressed against the stone, the steel soon becomes warm. 
Exact measurements have shown that the amount of heat produced is 
proportional to the energy expended in maintaining the motion of the 
grindstone. Again, in the hot-air motor, heat is employed to set bodies 
in motion. Heat and mechanical motion are therefore mutually conver- 
tible, one into the other. If a vulcanite tire be placed on the grindstone, 
and the rim be pressed with a piece of flannel, electrification will be 
induced ; but electrical energy can also be readily re-converted back into 
mechanical motion. Electrical energy, mechanical motion, and heat are 
thus mutually convertible one into the other. Much of the motive power 
used in the industrial arts is derived from the chemical action between coal 
and oxygen in the furnace of a steam-engine. Heat and electricity are 
also well-known concomitants of chemical action. Hence we infer that 
heat, electricity, mechanical motion, and chemical action are aU different 
forms of one <hstmet entity — energy. Observations by Joule and others 
have shown that any one form of energy can be transformed directly, or 
by intermediate steps, into any other form. This is the so-called law of 
transformation of energy. All types of machinery are devices for trans- 
forming energy from one form into another. 

Energy and work.*— As a first approximation, every change in the 
condition of the bodies around us is supposed to be due to the action of 
'V, ,■ ; , ■- 132 ; - ;■ ' ■■ ' 
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energy. In other words, energy is that which has, the, power of changing 
the conditions of bodies. Whenever a body is changing its condition, 
there energy is in action. Energy is the cause, ciiange of. conditio.n the; 
eifect. The action of energy ' may’ be resisted. Change, can only take 
place when the restraint is withdrawn or overcome. The action by which 
energy produces a tendency to change is called force. The word “ ten- 
dency” here means that the change will take place the moment the 
restraining influence is withdrawn. Force is thus a manifestation of 
energy. Whenever resistance is overcome, energy must be expended. 
Hence energy is sometimes defined as “ the power to overcome resistance.” 
Work is said to be performed whenever change takes place in opposition 
to a force opposing that change. The amount of work done is equal to 
the quantity of energy transferred. Work is done at the expense of energy. 

W^ork performed ~ Energy expended. 

Consequently, energy is sometimes defined as “ the capacity for doing 
work ; ” or, as W. Ostwald puts it, energy is work and all else that 
can be produced from and be converted into work. Two factors 
are therefore involved in the expenditure of energy : (1) the magnitude of 
the resistance ; and (2) the extent to which the resistance is overcome. 
Thus, when a particle moves a certain distance s by the application of a 
force F, the amount of energy expended, or the work done, is equal to the 
product 

Energy and matter are inseparable . — We can conveniently describe 
our knowledge of the material world in terms of two ^ entities or abstrac- 
tions : 1. Energy?- ; 2. Matter. It is sometimes convenient to keep these 
two concepts distinct ; although energy and matter are separable only 
in thought, in reality they are indissolubly joined together. We leave the 
metaphysical ^ chemist to deal with matter defined as the unknown cause 
of known sensations, and answer for himself such questions as : What 
is matter in and by itself ? What is the “ Ding an sttcJi ” ^ The ivor Icing 
chemist defines : Matter is that which possesses weight ^ and occupies 
space.® Air, water, glass, copper, etc., are forms of matter ; heat, light, 
electricity, and magnetism are forms of non-matter — energy ; colour, 
odour, etc., are specific properties of particular forms of matter. 

Energy, like matter, is indestructible, — So far as accurate measure- 
ments are concerned, it is found that when any quantity of one form of 
energy is made to disappear, an equivalent quantity of another form or 

^ In studying light, etc., it is convenient to add a third — the sether — the 
hypothetical medium through which the rays of light, etc., are propagated. 

^ By “metaphysics,” I here understand with A. Schopenhauer {Welt als 
Wille und Yorstclhlng, Berlin, 2, 180,, 1854), “ every pretended cognition which 
goes beyond experience, and therefore beyond nature ... in order to give 
information about that upon which nature is dependent ; popularly expressed, 
what is behind nature, and makes natxire possible.” 

® German — “ the thing in itself.” At the end of our discussion, too, the 
student might have the uncomfortable feeling that his time had been spent 
poking into nothing. 

^ See the footnote, p, 20. , ^ 

W, Ostwald (1892) : “ The more intimately acquainted I became vdth the 
properties of energy, the clearer became the proof tha,t matter is nothing but a 
complex of different factors of energy which possess the property of being recipro- 
cally proportional. The traditional fundamental properties of matter show them- 
selves as modes of expression or factona of energy,” 
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forms of energy appears, -Ho. gain or loss, of .energy has ev.er been, 
observed in an isolated system, ' This is the famous law of .conserva- 
tion or persistence of' energy. ■ “The trarisaetioiis ' „of '. the material 
universe,” said J. GV Maxwell., in: that 'inimitable work ,, and Motion, 
appear to ])e conducted, '.as- it -were, on a system of credit. Each trans- 
action consists of a transfer of so'imich credit or; energy from' one body 
to another. The act of transfer or payment we call work.*’' ^ 

Perpetual motion.— The law of persistence- of energy is .sometimes 
called the first law of thermodynamics. It can be expressed, another way. 
No machine can generate energy or do work of itself without- consiiming 
at least an ecpiar quantity of pre-existing ” energy. , We call this revised 
statement of the law of persistence of energy, the law of .excluded perpetual 
motion. We can offer no proof of the truth of this law, other than the mi- 
eontradieted experience of mankind. We assume that if perpetual niotioii 
liad been possible it would have been discovered long ago. Of course a 
similar argument might have been used in 1890 against the existence of 
a gas like argon in the atmosphere, and the “ uncontradicted experience ” 
would have been contradicted four years later. The search for a perpetual 
motion through centuries of laborious work has been fruitless. It has 
brought nothing but failure. So great is our faith in the truth of this 
unproved “law” that a demonstration showing that any supposed 
process would involve a perpetual motion, i.e, the creation or de- 
struction of energy, is considered sufficient proof that the supposed 
process is impossible. Most scientific societies would refuse to consider 
seriously papers which violated the assumed law’ of excluded perpetual 
motion. It is assumed with M. Faraday that ‘‘no hypothesis should be 
admitted nor any assertion of a fact credited that denies this principle. 
No view should be incompatible or inconsistent 'with it.” 

§ 2. Total, Available, and Potential Energy, 

Matter, whatever it ia, must be held to be so adorned, furnished, and formed 
that all virtue, essence, action, and motion may be the natural consequence 
and emanation thereof. — F eancis Bacon. 

We have no means of measuring the absolute or total amount of energy 
which a body possesses. Air confined in a closed vessel at atmospheric 
pressure might appear to possess no energy because it can do no work. 
But reduce the pressure of the surrounding air, and the air confined in the 
vessel is capable of performing work. The total energy associated with 
any body is possibly independent of the external conditions. In the study 
of natural phenomena, w^e are only concerned with that portion of the 
total energy w'hich can be utilized for doing work. This is called the free 
Of available energy* 

Potential and kinetic energy.— There is an important difference between 
a stone lying on the ground and a similar stone lying on the table. Both 
appear alike to be motionless, yet the latter possesses more available 
energy than the former. For example, the stone, in descending to the 
ground, could be made to transfer its enei'gy to the mechanism of a 
clock and do work. The available energy would thus be transformed 
into meehanicai motion.. For the. same reason, a wound watch-spring 
possesses more available energy than a similar spring tiot wound up. 
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Tlins, available /energy, may be active .(i.e. kinetic) or ' passive (i,e, latent 
or potential); 

Wlieii a marble is rolling along the ground, it has the power, in virtue 
of that inotion, to change the state of another marble with v liich it might 
collide. A body, therefore, might possess energy in virtue of its iriotioii. 
Tills energy is said to be in a kimtic or active condition. It is found that 
the available kinetic energy Ai of a body of mass m moving with a velocity 
F, is K -- This energy may be transformed into heat when the 

motion of the body is arrested. Potential energy, on the other hand, is 
said to be “ potential to ’ ' or possible to ’’ a body in virtue of its condi- 
tion with respect to surrounding objects. When a stone is lifted above 
the ground, the energy expended and the work done depend upon the 
weight tv of the stone and the height h to whicli the stone is lifted. Con- 
sequently, the available potential energy E of the raised stone will be 
E = tvh. The meaning is that a measurable quantity of energy is “ stored 
up” or “rendered passive” in some way, and that this same amount 
of energy can be recovered. ^ For instance, when the stone returns to the 
ground, it will, in failing, acquire an equivalent amount of kinetic energy. 
Again, water in an elevated position can do work in virtue of the law that 
“ all liquids will flow to the lowest level that circumstances will permit.” 
Consequently, water at the top of a hill possesses potential energy. A 
bent spring, a raised hammer, compressed air, and a piece of iron, in the 
vicinity of a magnet, all possess potential energy. Substances which in 
virtue of their relative condition, or the motions of their molecules, are 
capable of entering into chemical actions, are also said to possess potential 
energy. Such is gunpowder, a mixture of metallic zinc and sulphuric 
acid, etc. The light, heat, sound, and mechanical motion which attend 
the explosion of guncotton are equivalent to the chemical energy stored 
in the explosive. 

§ 3. The Degradation or Dissipation of Energy, 

There can be little question that the principle of the dissipation of energy 
contains implicitly the whole theory of chemical combination. — P. G. Tait. 

The transformations of energy. — ^Water may be transported from the top 
of a mountain to the valley beneath in a variety of ways : it may come 
down in underground channels, rivers, and rain ; or in the form of snow, 
glaciers, or an avalanche. So may energy pass from a state of high to a state 
of low potential in. many and various ways, giving rise to mechanical, 
thermal, actinic, chemical, electrical, or magnetic phenomena. In reality, 
the so-caned “ different forms of energy ” correspoxid with the tendencies 
which any given system may have to change in particular directions. If 
there is a" tendency for the different parts of a system, to come into closer 
contact, w^e have gravitation and cohesion ; if there is a tendency to an 
equalization of temperature, thermal energy ; and when there is a tendency 
to undergo transformation into another substance, chemical energy. 
Hense the definition, ; a chemical reaction is one mode by which energy 
can be transferred from one state to another. We have seen many 

^ Kote that kinetic and potential energy are , here referred to the earth aa 
constant. The suspended stone would have no available energy if it could never 
fall. : ^ 
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examples of the liberation', of. energy— heat, '. light, ' electricity— during 
ehemicai reactions. To avoid the assumption .that this, energy comes 
from ' nothing,: it is postulated that the original system contained a 
definite amount , of available' energy-chemical energy. As H., Hertz' 
' expressed . it : In order to ■ explain what is .palpably l3efore our ..eyes, 
we are compelled to imagine behind the things we see other invisible 
things, and to search behind the barriers of' sense for a. secret, hidden 
accomplice. 'This hidden factor is conventionally assumed to be potential 
or latent energy. 

If a subs.tance,can unite with another, it is said to possess chemical 
energy,' .because it can do chemical w'ork; and conversely, substances 
which cannot combine chemically with other substances have no avail- 
able chemical energy, for they can do no chemical work. During a chemical 
reaction, the chemical energ}'- is transformed into an equivalent amount 
of some other form of energy which is usually, though not always, heat 
(see p. 33). Hence, the relation between chemical energy and heat 
(thermal energy) is an important subject, w^hich, for convenience, is called 
thermo-chemistry. Chemical energy may also be transformed into 
electrical energy during a chemical reaction. That branch of chemistry 
which deals with the relation between chemical energy and electricity 
(electrical energy) is called electro-chemistry. Just as chemical changes 
which are accompanied by an evolution of heat are called exo-thermal 
reactions,*’ so reactions which are aceompamed by an evolution of electrical 
energy have been called “ exo-electrical reactions,” and conversely for 
cndo-thermal ” and endo-electrical ” reactions. 

The degradation of energy. — Just as water will always run down 
from a high to the lowest level that circumstances will permit, so in all 
processes with which we are acquainted, every known form of energy 
at a high potential always runs down to energy at the lowest poten- 
tial circumstances will permit, and one of the most interesting facts in 
connection with all natural changes is this constant running down or 
degradation of energy. Energy becomes less available for doing work. 
Every change which takes place in nature does so at the cost of a 
certain amount of available energy. When we inquire whether 
or not a transformation can take place, the question to be answered is : 
Will the occuxTence involve the degradation of energy ? If not, the trans- 
formation will not take place under the given conditions. An ancient 
philosopher has said that “ all things are in motion,” and we might add 
that that motion always involves the degradation of energy. The trans- 
formation of energy in a given system only ceases when the available 
energy has run down to the level of its surroundings. The system is then 
said to be in a state of stable equilibrium. 

Metastable equilibrium. — ^We are, how^ever, very familiar with systems 
in which the energy has not run down to the level of its surroundings 
and ycit everything appears to be in a state of stable equilibrium. Rut the 
stability k only apparent. As a matter of fact, available energy does not 
always, of run down to the level of its surroundings. Eor some 
un^oTO reason, an influence-r-conveniently called hysteresis or passive 
resistance (p. 99) — ^prevents the initiation of the process of degradation of 
energy— -a preliminary impulse Is.needed to start the process of degradation 
of energy. “Passive resistance •" is here used as a grouping or ciassi- 
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fication .terio. It explains nothing. Just as the throttle valve of a steam 
engine must 'be moved before .the engine can start on its journe}^, so may 
a preliminary impulse be required to set the process of degradation of, 
energy in motion. , The flapping of an eagle’s ,wing may 'suSice to start, 
an avalanche roiling down the mountain side with gunpowder the pre- 
li,minary impulse ’’.may take the form of heat ; with a mixture of hydrogen 
and oxygen, an electric spark, or the mere presence of spongy plat-inuni ; 
with a mixture of hydrogen and chlorine, a flash of light, or the addition 
of a piece of charcoal ; with fulminate of mercury, a sudden shock ; while 
the addition of a minute crystal will start the process of crystallization 
of a supercooled solution of sodium thiosulphate. We may thus have 
a state of metastable, apparent^ or false equilibrium, as well as a state 
of true or stable equilibrium. We naturally inquire : Is there any test 
to distinguish between states of real and states of apparent equilibrium ? 
We know that if a gas is in equilibrium with regard to voiiime and pressure 
it will satisfy the conditions of Boyle’s law’; volume and temperature, 
Charles’ law, etc. But we have not always such useful tests at our 
disposal. 

§ 4. The Molecular Theory of Matter. 

If we would become imbued with the spirit of the new philosophy of chemistry 
we must begin, by believing in molecules.— J. P. Cooke. 

For purely chemical reasons, which culminated in Avogadro’s hypo- 
thesis, we have seen how chemists have been led to invest matter w’ith an 
imaginary structure which explains, very well, the various transformations 
which matter undergoes. Matter is supposed to be made up of extremely 
small discrete particles called molecules. Molecules are the imaginary 
units which make up matter en masse. Molecules are made up of 
one or more atoms. Atoms are the imaginary units which make up 
the molecules. 

Molecular structure of matter. — ^IVIatter must be either a discrete or a 
continuous medium. Our study of diffusion in solids, liquids, and gases 
leads us to reject the hypothesis that matter is continuous, for how can 
two continuous media occupy the same space at the same time ? Our 
study of the compressibility of gases — Boyle’s law — Pleads to the same view. 
How can a continuous medium on rarefaction {that is, diminution of 
pressure) expand indefinitely ? How can compression diminish the volume 
of matter itself ? If matter be discrete, we can readily answer these 
queries. Compression involves a closer packing or a crowding together 
of the molecules by diminishing the space between them. This very 
explanation was given by Hero of Alexandria 177 b.c. . “ There are void 
spaces between the particles of air just as there is air between particles 
of sand ; when the air is compressed, the particles are forced into the 
vacant spaces, and when the pressure is removed they return to their 
former position.” Conversely, rarefaction involves an increase of the space 
between the molecules, so that the molecules become less closely packed 
and less crowded together. If matter he discrete we can also understand 
how one substance can diffuse into another — hydrogen into air ; aniline 
dye into w^ater, and gold into lead. A mixture of 600 c.c. of w^ater and 
500 c.c. of alcohol occupies considerably less than 1000 c.c. ; and the 
difference is greater with a mixture of sulphuric acid and water provided 
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the tempemtiire of the mixture is tlie same as t.liat of the separate con- 
stituents. We are forced to acknowledge that' one , siibstoce can he 
actually peiietrated by another, -or else ass'ume that tlie,partic.les of ..one, 
substance are so disposed that - p.articies; of another siibstaiice can be 
accommodated between them much aS' a scuttle of coal miglit at tlie same 
time accommodate a bucket of sand. ' As .stated, on p. 75, the molecules 
seem to lead a more or less independent existence, and the space between 
the molecules furnishes accommodation for the introduction of other 
particles. A study of the physical and the chemical properties of matter 
has thus led to one conclusion ; Matter Is discrete, not continuous ,* 
and it is made up 'of minute .particies, called molecules, TMs^^ 
hypothesis is called the molecular theoiy of matter, 

§ 5. The Kinetic Theory of Molecules. 

UV must infer that the constitnent parts of all bodies are in perpetual motion, 
Watson (1789). 

K at are gives no evidence of absolute rest. All matter, so far as we can asceiN 
tain, is ever in motion, not merely in masses as with planetary systems, 
hut also moioculariy throughout its most intimate structure. — W. R. Grove. 

Are the molecules stationary or in motion ? Here again the pheno- 
menon of diffusion lias led us to further assume that the molecules are in 
rapid motion. Hotv could gases Mifese one into the other in such a 
remarkable way if the molecules were at rest ? Diffusion and the fact 
that a mixture of gases with diSerent specific gravities shows no signs of 
settling, compel us to assume that the molecules are in a state of incessant 
motion, and that they are travelling in all directions. In solids, the 
motion of the particles must be greatly hampered by adjacent molecules. 
The low compressibility of solids, and the comparatively slow rate at which 
one solid diifuses into another, shows that the molecules of a solid have a 
comparatively low mobility. One molecule can only get away from contact 
with another molecule very very slowly, if at ail The fact that most 
solids retain their shape for indefinitely long periods, unless prevented by 
chemical, mechanical, or physical actions, shows that the molecules of 
soh'ds have a very limited mobility — e.ff., some ancient jewellery appears 
to be the same now as when first engraved. This is sometimes expressed 
by saying that the motion of molecules is translatory in gases and liquids, 
and vibratory in the case of solids. 

The molecules of a liquid seem to have more freedom than solids. The 
molecules are sMicienily mobile to allow the liquid to take u|) quickly 
the shape of the vessel which contains it. A molecule of a liquid can, in 
time, travel to any part of the liquid mass. Its course is necessarily slow, 
because it must be continually abutting against other molecules. 

On the other hand, the molecules of a gas seem to lead a more or less 
Independent existence. They appear to be contiirtially moving witli a 
peat velocity in sensibly straight lines in all directions. The molecules 
in their travels must be continually colliding with oiio another and 
bombarding the wails of the containing vessel Thus the molecules 
contimmlly change their spe^ and directions. 

It is clear that an outward'pressure must be exerted on the sides of the 
vessel every time a molecule strikes the boundary walls. The moving 
moieoMes must 'be |)erfectIyelaatic>o that after each collision they rebound 
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withytlie' same 'velocity as .before otherwise, their niomentuiii would 
, decrease with each collision, and the pres'siire of a gas wnuld decrease with 
' ' time', which it does not. Hence, it is inferred that the molecules are in 
■ a state .of perpetual motion* The preceding assiimp.tions sufiiee for some 
^ important deductions which enable the condition of the moiecuies of a. 

gas. to he inferred with some degree of probability. 

§ '6. The Kinetic Theory and Boyie^s Law. ' 

What is must be studied before wimt was can be inferred. I'reccdent stales 
remain visionary miless they can be linked to actual and obser^’abie 
. conditions'.— A, .M. Cleeke. 

Assume that a closed vessel contains 7i molecules, and that the ceaseless 
cannonade of innumerable molecules on the walls of the vessel produces 
an average pressure, yp. Imagine j-i similar molecules to be squeezed into 
the same vessel. This will double the number of impacts on the sides of 
the containing vessel so that the pressure wdll rise from p to 2p, The 
concentration of the gas will also be doubled. This is nothing but another 
way of stating Boyle’s law. 

The same result can bo obtained another way ; Suppose a- mass rn of gas 
containing n molecules bo confined in a cube with edges each I cm. long, and tliat 
the molecules are moving with an average velocity F. Although the molecules 
travel about in every conceivable direction, it is fair, for piu’poses of calculation, 
to consider the moiecuies are divided into three ecjual sets with velocities parallel 
to three adjacent sides of tlio cube. At any instant, therefore, w-o assume that 
In molecules arc travelling with a velocity V parallel to any particular edge, and 
therefor© jjerpcndicular to tlie two corresponding faces of the cube. One molecule 
moving with a velocity V will take Ij V seconds to pass from side to side, and it 
will therefore strike a side i Vjl times per second. At each collision with the face 
of the cube, the velocity of the molecule is reversed in direction so that its momen- 
tum changes from wF to — • wF ; that is, its momentum changes 2m F. The total 
change of momentum by In moiecuies striking a side IV <,1 times per second will 
therefore be the product I Vjl x 2m F X In, or InmV^jl. This measures the total 
force or pressure exerted on one face of the cube. But the total surface of one 
face of the cube is P. Hence, the total pressure per unit area, is p = d- 

= But P represents the volume v of the cube. Hence 

p pv ==« ^7i7nV^, 

If the number the mass m, and the average velocity F do not change, the 
expression is constant, and hence the product po is constant. This is 

Boyle’s law'. 

The effect of molecular attraction. — If the molecules have appreciable 
cohesion, or attraction for one another, they will move in curved, not in 
straight paths. Doubling the number of particles per unit volume will not 
then give exactly twice the number of impacts on the boundary w'alls* 
When the molecular attraction is marked, the product must be less than 
corresponds with Boyle’s law. Molecular attraction deflects some of the 
moiecuies from the straight path so that they do not strike the walls of 
the vessel under conditions wiiere they otherwise would. This appears to 
be the case with carbon dioxide, and most gases which have a smaller 
I apparent volume v, or a smaller value oipv, that is, a greater concentration 

than corresponds with an increase of pressure as described by Boyle’s law^ 
This is illustrated by the downw-ard slope of the pv curves, Fig. 27, for 
carbon dioxide bolow^ 150 atmospheres pressui’e. 

The e^ect of the size of the moleGules.— The small reduction in 
volume wLicii occurs wLen a gas .is highly concentrated is explained in 



140 ■ ' MODERN INORGANIC CHEMISTRY 

the following: way : Under, great pressures the volume of the molecule 
becomes comparable, in magnitude with the space through which .the 
iiKjlecule ean^ niove. ' The -volume of the space in which the molecules 
move is alone -reduced by pressure, and therefore,, only part of the- total 
volume occupied by the gas. can be reduced by press,u.re. . Hence, ,at high 
pressures the apparent volume, and the product fv appear to ,be .-greater 
than, is described by Boyle’s law; With hydrogen, for instance, when the 
pressure is doubled, the volume is not quite halved. The same remark 
applies to other gases, e,g., carbon dioxide, 'at great pressures. This .is 
illustrated by the upward course of the curves, Fig. '27. 

The kinetic theory and Graham’s law. — This relation (p. 127) 
follows from the above discussion—pu == F h The density of a gas is 
the mass of unit volume or mn = D. Hence considering unit volume, 
p — !£) V When the pressure is constant, the velocity F will be inversely 
proportional to the square root of the density D, for F^ = constant -h- D ; 
etc. This is Graham’s law. 

§ 7. The Kinetic Theory and Charles’ Law and Avogadro’s Hypothesis. 

Nihii enim viveret sine caloro. — L. A. Seweca. 

Heat is motion which in its strife acts njDon the smaller particles of bodies. — 
Feancis Bacon. 

That all kinds of fiery bodies have their parts in motion ; that heat argues 
a motion of the internal parts; and that in all extremely hot shining 
bodies there is a very quick motion that causes light, will be generally 
granted. — R. Hooke. 

Heat consists in a miifute vibratory motion of the particles of bodies. — 
Isaac Newton. 

The kinetic theory and Charles’ law. — Heat is generally considered 
to be a mode of motion of the molecules of matter. The speed of the 
molecular motion determines the temperature. Each change of tem- 
perature, how^ever slight, is supposed to be attended by a corresponding 
change in the speed of the moving molecules. If the speed increases, 
the number of molecular impacts on the boundary walls also increases if 
the volume remains constant ; or the volume increases if the pressure 
remains constant. It is now necessary to introduce an important assump- 
tion : Two gases are in thermal equilibrium ivhen the total kinetic energies 
of the 7nohcules are the same. Since real gases—wiiich exert no chemical 
or physical action on one another and which are under the same conditions 
of temperature and pressure — can be mixed without change of tem- 
perature or pressure, it is assumed that the molecules of equal volumes 
of two gases at the same temperature and pressure possess the same 
total kinetic energies. We have seen ^ that the total kinetic energy 
of a gas is proportional to the product pv. Hence, if the temperature be 
altered, pressure remaining constant, the kinetic energy (i.e. temperature) 
must alter to the same extent, and hence also the volume. Otherwise 
expressed, if the pressure remains constant, the same alteration of 
temperatm*e wiE alter the volume to the same extent. This is Charles’ law. 

The kinetic theory and Avogadro’s hypothesis.— From w^hat has just 
been stated, it follows 'that, equal volumes of two gases at the same 
temperature and pressure have the same value for the product pt\ Hence 

^ Magnitudes j?roportional '^-the same thing are proportional to one another# 
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also the total kinetic energy of the one gas will be equal to tiie total 
kiiietic energy of the other or the. product .n.imiFj/- for one gas will be 
equal to the product n ^m ,2 F a ^ for the other. But the average ki net ic energy 
peiMiioIecule in tlie two systems. will be equal if .the temperature is the 
saiiie ; ' and heiicej.lm^ Fj'*^ substitution in the ]>receding 

relation, . This is th.e symbolic way of saying that equal volumes 

of two gases under the same physical conditions contain the same number 
of molecules ; that is, Avogadro’s hypothesis (see p. 73). , It is possible to 
argue backwards fro.m Avogadro’s hypothesis, and deduce the assumption 
italicized above. The one is dependent on the other, Reroember there- 
fore that, contrary to what some enthusiastic writers assert, Avogadro’s 
hypothesis has rendered it necessary to introduce (m ■unhwimi ayid mi- 
verifiable assum-ption ^ into our reasoning. The kinetic theory should liot 
be quoted as a proof that Avogadro’s hypothesis is true. 

§ 8. Summary of the Kinetic Theory. 

Thci x^henomena are our data, and behind thoni we cannot go cxcej^t in 
imagination . — A . Schopenhauer. 

We can now summarize the assumptions of the kinetic theory — the 
term “ kinetic,” by the way, is derived from the Greek Kwim (kineo), I 
move. 

(1) Matter is composed of a finite mmber of molecules, hi gases , the 
actual volume of the molecules is very small compared with the space not 
occupied by the rnolecules. At great pressures, however, the relative size of 
the molecules must be taken into consideration, 

(2) The molecules of a gas are in a state of rapid perpetual motion in 
straight lines. The molecules are continually colliding against the walls of 
the boundary vessel and against one another, 

(3) The molecules are perfectly elastic and rebound after a collision with- 
out any loss of ynomentum, 

(4) The molecules of gases do not always move quite mdependeyithj of 07ie 
ayiother since some molecules have a slight attractive foi'ce one for the other. 
This becomes appreciable with inc7‘easmg conoentratioyis. 

(5) Two gases are in therynal equilibrium when the average kinetic energies 
of the molecules of the two gases are the same, 

TJie kinetic theory and the corresponding molecular theory of liquids 
and gases have been of great service in helping chemists to form mental 
pictures of many processes which would be otherwise too difScult to con- 
ceive clearly. No one pretends that the picture corresponds with reality, 
but it has been of great assistance in applying the method of deduction 
and verification (p. 13). The theory has its faults ; at present, it throws 
no light on many of the properties of gases, while the applications to liquids 
and solids have scarcely been touched. A great deal of work remains to 

^ According to J. C. Maxwell (1879), “ If the system is a^ga«j. or a mixture of 
gases not acted on by externa-l forces, the theorem that the average kinetic energy 
for a single .molecule is the same for molecules of different gases is not snefficient 
to estabiisli the condition of equilibrium of temperature between gases of different 
kinds, such as oxygen or nitrogen, because when the gases are mixed we have no 
means of ascerfcaming the temperature of the oxygen and nitrogen separately. 
We can only ascertain the temperature of the nuxtaure by putting a thermometer 
in it.” '' ' ' ' 
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be done. There is a schooi -of .'chemists which repudiates the kinetic theory. 
iu an exhausted, moribimd hypothesis, , x4s .a matter : of fact, the . 
molecular theory still promises to live long .‘when we get strong enough to 
grapple with its’maiiy difficulties. 

A. I). Risteeii (1895) hasnompared the results of observation, with .the 
deductions from .the kinetic theory in .double columns. The following ie 
niodihed from Ms scheine : 

. Eesults of Theory. ' ' ■ Eesults of Observation. 


L The moiecuieB of a gas are all alike. 1. Gases are homogeneotis and show no 

signs of settling, nor can the molo«> 
cnles of any particular gas in general 
be separated, by diffusion, into 
gases with different properties. xl 
special ease — dissociation — will be 
discussed later. 

2. Molecules are at relatively great 2. The compressibility, permeability, 

d isfeanecs apart, and hi constant and diffusivity of gases are great. The 

mutioix in straight lines, incompressibility of gases at liigh 

pressures is supposed to be due to the 
abnormal crowding of the molecules. 

3. In a given mass of molecules, the 3. In a given mass of gas the product 
product pv is proportional to the pv is proportional to the absolute 
average Idnetic energy per molecule. temperature, etc. This includes the 

laws of Boyle, Dalton, and Charles, 

4. Diffusion. Graham’s la-w. 

5. The average hin&tic energy is constant 5. So far as we can tell, the temperat'urc 

for every set of molecules 'in a mixture of each constituent of a mixture of 
of gases'! gases is the same (see preceding foot- 

note), 

6. If two sets of molecules have the 6. Avogadro’s hypothesis, and hence 

same kinetic energy, and the same also Gay-Lussae’.s law. {This is not 

pressure, they contain the same a result of observation, but it has 

number of moiecules per unit volume. been inferred independently from 

purely chemical reasons.) 

t 

The first inlding of the idea that the observed properties of matter 
may b© due io motion of its constituent particles has been traced back to 
Democritus and Lucretius (p. 49). The idea did not develop into a 
physical hypothesis until E. Hooke (1676), and D. Bernoulli (1738), 
suggested that gaseous pressure must be due to the impact of the 
nioiecuics on the sides of the containing vessel. The work of T. Herapath 
(1821), J. P. Joule (1850), E. Clausius (1857), J. C. Maxwell (1860), and 
others played important parts in the subsequent development of the 
theory* 

§ 9. Uitramicroscopic Particles. 

Tlia sun discovers atomes and makes them dance in his boanis. — 
^D, CuLVmWBJLL, 

We are face to face with this extraordinary situation ; the molecule has 
ceased a theoretical abstraction — it has become a visible and tangible 

reality j; ior we can hot only see it, but also “ manipulja»te ” it— not, indeed, 
with our hands, but by means of heat, and electricity, and the air pump, — 
E, E. Fovmim 

^ In dealing With particle in, an extremely due state of subdivisioib the 
.millimetre m an M<^nvCmen% large' standard of reference. The symbol 
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ft— pronounced '“mu,” and : called, a 'micron — -is ,, employed for the 
t'liQusandth , of a millmietre, so, .that, O’OOl mm. = mm', 1/i; and 
|i|i. — .proiiouBced “ double mxi ” or “ 'miilimu,” and caiied a, nillimicron— 
is used for a, millionth of a millimetre, such that O'OOOOOl iiim. -•= .iO"'"**, mm. 
= Ifift,; and0’001,^<^ — 1 /a ft, .The so-called 10“ metre,' 

and is used, in expressing 'wave-Iengths, as well as molecular and ..atomic, 
diineiisio.ns. ■ 

Uitramicro.scopy.— In practice a good microscope will not clearly resolve 
.particles iiiiich smaller than |*/a in diameter, and the term ultramicroscopic 
particles is applied to particles smaller than this limit. The ultramicro- 
scopic particles cannot be seen with a powerful miscroscope illuminated in 
the orclinary manner, because the light bends round the minute particle 
and enters the eye just as if the particle did not exist. If the particles be 
illmninated by a lateral beam of light, their very smallness enables them to 
scatter the light, so that their presence can be inferred from the fact that 
each particle is surrounded by visible diffi-action rings, just as surely as 
the presence of smoke indicates hre. The motes dancing in a beam of 
sunlight would be invisible but for this phenomenon. 

Clear solutions, with particles too small to be resolved by the most 
powerful microscope, appear more or less opalescent when a beam of con- 
verging light is focused into the solution. A solution free from these 
particles would not produce the opalescence, and such a solution is said to 
be “optically empty.” This is the so-called TyndalPs optical test. 
Air and gases w^hich are quite free from suspended particles are said to be 
optically empty because the track of a beam of light therein is invisible. 
Air can be made optically empty if it is allowed to stand over-night in a 
glass vessel whose sides are smeared with, say, glycerol. The sensitive- 
ness of J. TyndalFs optical test has been greatly developed by the use 
of a microscope — called the ultramicroscope — by H. Siedentopf and 
R. Zsigmondy, In the so-called ultramicroscope an intense beam of 
light — arc-light, or, better, a beam of bright sunlight^ — is focused into 
the liquid under examination, so that the light enters the liquid at right 
angles to the direction in which it is viewed under the microscope. In 
one of the earliest experimental methods (1900) of ultramicroscopy, a beam 
of sunlight was reflected from a mirror, M, Fig. 40, through a lens, L, 
and focused in the trough of liquid under examination in the field^of a 
microscope. If transmitted light be used, the eye is dazzled by the pro- 
fusion of light, and it cannot distinguish the slight diflereiiees of briliiancy 
caused by the diffraction of light by the small particles ; Just as it is 
impossible to see the stars by daylight. The later forms of the instrument 
are more complicated than this, though the principle is the same. 

Wliile the opalescence produced by TyndalFs optical test merely shows 
that a solution contains a number of distinct individual particles in suspen- 
sion, the ultramicroscope enables the individual paiticles to bo detected 
under conditions where the most powerful microscope would fail to reveal 
any sign of non-homogeneity* When viewed in the ultramicroscope, the 
ultramicroscopic particles appear as glitt^ng discs of light with a dim 
or dark background. A solution may thus appear perfectly homogeneous 
when viewed under the most powerful microscope, and yet appear 
distinctly heterogeneous when viewed under the ultramicroseope. 

The particles which can be percelv^- In the iiltramwrosoope aremqjrf'f 



144 modern INORGANIC CHEMISTRY 

or less approsimately the same order of ma^itude as the molectiles them- 
selves. For instance, ultramicrosoopio particles of colloidal gold, 1 -7 
liave been measured, and, according to Lobry de Bruyn, the estimated 
size of a molecule of soluble starch in solution is 5 gft ; a molecule of chloro- 
form is roughly 0-8 according to G. Jager ; and a hydrogen molecule 
is rourfily Od according to O. E. Meyer. Hence particles smaller 
lhan the iomplox molecule of soluble stareli have been perceived. ^ 

The defimtion of solutions.— Solutions are sometimes defined as homo- 
geneous mixtures which cannot-.. be separated, into tbeir. constituent 
parts bv mechanical means (filtration through paper or decantation alter 
settling).” This definition forces us back to the ^ distinction between 
homogeneous and heterogeneous mixtures ; and this, in turn, upon _the 
sensitiveness of the tests for homogeneity. A solution may appear clear 
and homogeneous ; the particles in solution may not be separable by the 



Fio. 40. — Early Form of Apparatus for tUtramicroscopy. 

ordinary methods of filtration ; and the substance in the solution may 
reuiain suspended an indefinite time ; and yet when TyndalFs optical test 
is aiipHed, an opalescence will prove that minute particles are in suspen- 
sion ; and the uitramicroscope will enable the particles to be recognized 
as distinct individuals. Perfect solutions, said T. Bergman, should be 
transparent, but there are all possible gradations betw'een liquids carrying 
rapidly settling particles in suspension ; and liquids which cany particles 
in suspension an indefinite time without settling, and in which the particles 
are so small that, they can only just be perceived by the ultramicroscope. 
Consequently, if the above definition of a solution be accepted, every time 
the sensitiveness of the method for detecting non -homogeneity is increased, 
a certain number of solutions previously classed as homogeneous will 
probably appear heterogeneous; This difficulty can be partially overcome 
by arbitrarii}^ restricting the term ‘‘ solution,” and defining : Solutions 
are mixtures which appear clear and homogeneous in ordinary day- 
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light,, and which cannot be separated into, their constituent parts by 
ordinary mechanical processes of filtration through , paper and decan- 
tation after settling. ' This subject will be taken up again in. later 
chapters.; , 

The Brownian movements.- — If water in. which, a little.Iycopodiiim.— 
that is, the spores of the club moss— is suspended be examined under the 
microscope, the small particles appear to be incessantly vibrating with a 
slow trembling motion. The phenomenon is named — the Browndmi move- 
ment — after its discovery by R. Brown in 1827. Expeiiment has shown 
that the motion cannot be due to convection currents set up by small 
differences of temperature or pressure, or to any known influence out- 
side the liquid. The cause of the motion must be sought in the liquid 
itself. 

The phenomenon is demonstrated as follows : Rub a fragment of gamboge 
for a moment on an ordinary 3x1 glass slip, and place a couple of drops of water 
on the slip where the gamboge has been rubbed. Gently pash a cover-glass up 
to the edge of the gamboge, lire brisk motion of the particles can now be readily 
seen through a objective and a dark-ground illumination. 

The kinetic theory of molecular motion seems to furnish the only 
admissible explanation of the phenomenon. It is supposed that owing 
to the perpetual movements of the molecules of the fluid, the moving 
molecules are continually striking the particles, thus driving them irregu- 
larly, to and fro, up and down, in the liquid. As might be expected, the 
incessant movements become more and more vigorous the smaller the 
particles. There is a big contrast between the apparently sluggish move- 
ments of lycopodium, and the vivacious motions of the ultramicroscopio 
particles of, say, Faraday’s gold. The latter are described by R. Zsigmondy 
somewhat as foUows : “ The particles move with astonishing rapidity. 
A swarm of gnats in a sunbeam will give an idea of the motion. The 
particles hop, dance, jump, dash together and fly away from one another 
so that it is difficult to get one’s bearings.” To this must be added the 
fact that if the composition of the liquid remains unchanged, the motion 
in the liquid continues an indefinite time without ceasing. 

By studying the movements of the fine particles of gamboge — that is, 
the dried latex of the Garcinia morella — suspended in w'^ater; and of 
extremely fine particles of silver dust obtained by striking an electric arc 
between silver poles — suspended in air ; it has been proved that the dis- 
tribution of the particles, their velocities, and the frequency of their 
collision is the same as the kinetic theory assumes to be the case 
with the particles of a gas. The Brownian movement is thus an 
expression of the molecular movements usually attributed to the molecules 
of matter. In fine, the experimental facts go very near towards 
establishing the validity and essential reality of the molecular kinetic 
theory as an explanation of the properties of matter. 

§ 10. Magnitudes in the Molecular World. 

In every explanation of natural phenomena, we are compelled to leave the 
sphere of sense perceptions, and to pass to things which are not the objects 
of sense, and are defined only by,abstract conceptions. — H. voNHkLMHOMz. 

The above descriptions give no idea of the. order of the magnitudes we are 
dealing with. I’he kinetic theozy.allows these magnitudes to bo approximately 
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compiitecl. For air, at atmospiierie pressure, .and 0®, the calciiiatioBs furnisli 
roughly : — 

L Lhameterot^r hydrogen molecule / . 6 X 10-* cm. j ' 24 X 10“-»inc!i • 

^ . O-B jufi. , 

■" 2. Number o! molecules . .. .■ v • 0, X. KP-s„.perc.c. • 24 X 10,^« per 

■cu. in. ' . , ^ ' 

3, Distance traversed between two' ■collisions O'OOOOl cm.; 0‘000004 in.; 

,10 ^JLC. 

4. Collisions per second '■ . ... . 5000,000,000.' 

, ' 5. Velocity per second . , . . '■^. . . • 45,000 cm. ; 1500 feet. , 

6. Average spacing of molecules in air ^ . . lO""** cm. or / au. 

7. ' A'veragc spacing of molecules in liquids . 10““* cm. or lO y-jU. 

M'ost of these numbers ' convey no meaning to the mind because^ ' they n, re' 
utterly beyond the range of our comprehension. The following considorations 
will serve 'to omphasiae our inability to form a clear concept of the “scale of 
ina miitudes ’’ in the “world of molecules.” Fksf, A normal human eye, at a 
distance of 10 inches, can see objects inch in diameter ; with a good micro- 
scope objects not much smaller than inch in diameter can bo clearly 

scon, but this is nearly 5000 times tlie magnitude of the molecule of an element, 
it would take about 40,000,000 molecules,' touching one another, to make a row 
an inch long. Second, If all the molecules in a cubic inch of a gas w'ere laid in 
a row, touching one another, they would form a line about 35,000,000 miles long, 
and this line would extend more than 1000 times round the earth. Third, If the 
gas w'ere magnified on such a scale that a molecule was an inch in diameter, each 
cubic foot ^vbulcl contain about one molecule, and a molecule would then travel 
about 100 feet before it collided -with another. Fourth, It %rould take about 53 
years, counting at the rate of three per second, 24 hours a day, to count the number 
of collisions— 5000,000,000 — made by a molecule ■with its fellows every secoxad. 
Fi^th, A molecule travels at the rate of nearly a quarter of a mile per second. 


§ 11. Brown’s Kinetic Theory of the Atoms. 

The curve described by a single atom is as fixed as the path of a planet, and 
between the tw'o cases no other di'fference exists, save that resulting from 
our ignorance. — L, Meyeb. 

There axe countless worlds in countless heavens each revolving about its sun. 
— G. Beuno. 

Like the planets and satellites of the solar system, the atoms of a molecule 
are in Harmonious stable movemexit. — D. Mendel-^eff. 

1. Do the atoms of the molecules of a compound retain their 
individuality ? It m&y be quite true that the properties of a compound 
are mainly determined by the character of the constituent elements, yet, it 
is not to be supposed that tliere is necessarily any resemblance between the 
properties of the elements^and of their compounds. Eor instance, the 
properties of a molecule of, say, water are vory different from the properties 
of the constituents hj^^drogen and oxygen. Although the atoms of a 
compound molecule do not enjoy a separate external existence, yet, within 
the molecule, the atoms are probably distinct, self-contained, ai 3 d self- 
existent ; as Lucretius would have expressed it, they are “ strong in their 
solid singleness,” The individual properties of the atoms, however, are 
not always unrecognizable in the properties of the molecuies of their 
eoinpoimds. J. Larinor (1908) has well said : 

It becomea iucrousingly diflScuIt to resist the simple view that chemical com- 
biaatwn involves an arrangement of the atoms alongside eacli other under steady 
cuhcsivo afihuty, Uic properties of each atom being somewhat modified, though 
not LSsentMlf/, the attachment of the others ; and that the space forirmlse 'of 
chemistry have more - than tin analogical significance. The many instances 
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in whicli the physical properties of the eompomid moieeule can he ealculaied 
additively ^ with tolerable approximation from those of the const hnent atoms, 
are diffieiilt to ^explahi otherwise. ■ ' ■ 

. While iron is intensely magnetic alone and in some of its combinations, 
in .others it' appears, to, be non-magnetic, and in still others, diamagnetic ; 
the, atoms, of .oxygen, .are magnetic' when- -associated together, bnt non- 
.magnetic when compounded ' with many ■ other; 'elements. These .facts 
suggest that the atoms of oxygen, lose their mdivid.uaiity in combination. 
The atom, does preserve a kind of individuality throughout ' the whole of 
its ' existence ; and when .associated with other- atoms it may change its 
habits ; but not its nature, The^ change- in it's habits depends ent.irely on 
its associates. This is evideneedhy.,' (1) the w'eight of an atom remains 
intact throughout the w-hole of its chemical migrations whatever be its 
associated partner ; (2) each atom emits a peculiar type of X-ray which 
can neither be changed nor disguised bj?- association with other atoms; 
and (3) the absorption of X-rays and cathode rays is an atomic prox^erty, 
each kind of atom having its own specific absorptive power which is 
independent of the nature of the partners with which it may be associated. 

2. Are the atoms of a molecule at sensible distances apart ? It is 
sometimes asserted that the atoms are at “ insensible ” distances apart, 
and that the atoms of a molecule are accordingly very close together. 
These statements have given rise to a misconception, for if the size of the 
atom be taken as a standard of reference it is probable that in the mole- 
cule the distances of the atoms from one another are comparatively 
■great... ... 

3. Are the atoms of a molecule at rest or in motion ? Some circum- 
stantial evidence bearing on this question w-ilL be discussed towards the end 
of this book. S. Brown (1S43) and D. Mendeleefi (1868),- like many 
previous chemical X)hilosoj)hers, picture a complex molecule as a kind of 
miniature solar system with the atoms whirling about one another at great 
speeds. Like the planets and tlie satellites, the atoms are suj>posed to be 
‘‘ endow^ed with an everlasting motion,” The atoms are further supposed 
to be held in |)osition, and to move in definite orbits owing to their attrac- 
tion for one another, just as the planets and satellites move in definite 
orbits owing to tlie action of gravitational forces. Mencleleefi’, like Brown, 
is an enthusiast ; he says : 

Chemically, the atoms may be likened to the heavenly bodies, the stars, sim, 
planets, satellites, etc. The building up of the molecules from atoms, and of 
substances from molecules is then conceived to resemble the building up of systems, 
such as the solar system, or that of twin stars, or constellations from individual 
bodies. This is not a simple play of words in modern chemistry, nor a mere 
analogy, but a reality which directs the course of all chemical research, analysis, 
and synthesis. 

According to this view% a two-atom molecule of hydrogen, Hg ; iodine, 
I 2 ; or oxygen, Og, might be depicted as a binary star — ^that is, as a pair 

^ AnniTXVE Pboperties. — ^ i\dditiv6 properties depend on the nature of the 
atoms in a molecule. Each atom exerts its, own specific iiiQuence whatever be 
its state of combination. Numerous examples will occur later — molecular weight, 
specific heat, crystalline form, etc, i see also pp. 698 and 699. 

^ T, Bergman and G, L. L. , de Bufion both abandoned the theory as im- 
practicable because they failed to realize the.iib^rtancc of the second question 
indicated above. ■ 
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of stars. Each atom , in tiie -molecule I’apidly revolves al 3 otit,, tlie other in 
a regular orbit—an attempt lias,’ been made tO: illustrate , tlie idea , in 
Mg. 1.25 ; a molec.ule of' water, HgO,- would be represented by three atoms 
revolving in a si.m,iiar manner'-; ' and a molecule of sulphuric acid might be 
depicted" a.s a complex system, with a . central revolving sulphur atom 
around which the other ato'ms w.iiirl in definite orbits. First w’ould come 
two oxygen atoms .representing the, nucleus SO^ ; outside these would 
encircle two oxygen atoms each ivith a revolving hydrogen atom as 
satellite. The imaginary picture so, obtained would be, a' hinetic model 
of the molecule (HOla = Og, .or- H 2 SG 4 . The chemist deteimines the 
constitution of these tiny systems by a process which ' Martin has comp,ared 
uith the plucking of, say, the earth and moon from the solar system, or 
by replacing one planet by another and observing the disturbing effects 
of the transposition on the whole S 3 ^stem. The case of sulphuric acid 
will be discussed later. A kind of orrery would therefore give a better 
idea of the structure of a molecule than the crude plane formulas usually 
employed. Ey this analogy, the planets. Mercurjr and Venus represent 
single atoms ; the Earth, Jupiter, and Saturn with their moons represent 
radicles — each composed of several distinct atoms so as to form a small 
sub-S 3 '' 3 teni complete in itself. All these individuals and sub-s.ystems are 
liiilced to one another so as to form a balanced or stable molecular S 3 ^stem, 
in some respects analogous with the solar system. 

4. Valency. — Supposing Brown’s and Mendeleeff’s speculations were to 
be established by unassailable evidence, that would not alter the value of 
graplxic or constitutional formulse. So far as these foimuJie are concerned, 
it reali}^ makes little difterenee whether the atoms are actually attached to 
one another, or ’vvhether they are held in position their mutual attrac- 
tions wliile thej" are revolving about a centre of stability. Indeed, some 
assume that the conditions — ^thermal, optical, or electrical — necessary for 
the foi'mation of a stable system determine whether a given atom can form 
a stable system with 1, 2, 3, . . . other atoms ; otherwise stated, the 
valency of an element is determined by the necessity for harmonizing the 
peculiar motions of the combining atoms to form a stable molecular 
system. When Dalton was asked why an atom of carbon could take up 
one or tw'O atoms of oxygen, but not three or four, lie replied : 

The reiison T shotild assign is that in the state of COg there are two atoms of 
oxygen combined with one atom of carbon, and a third or fourth atom of oxygen, 
however it may be attracted by the carbon, cannot join it without repelling one 
or more atoms of oxygen already combined. The attraction of the carbon is 
able to restrain tiie mutual repulsion of two atoms of oxygen, but not of three 
or four. 

S. Brovm expressed the same idea in 1843 ; he said : The conception 
can perhaps be made still more lucid by the counter statement in astronomy 
that a sun cannot be overloaded with planets.” Brown’s view of valenc}?' 
shows that it is not necessary to postulate a distinct force emanating 
from the atoms in order to explain how, say, HCi forms a stable mole- 
cular system, while HCig and HgOl do not form stable molecular systems. 
If such systems were momentarily formed, the supernumerary atoms 
%vou,id be immediately flung off. After trying motions and unions of every 
kind, the atoms fall into those favourable arrangements which can persist 
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,, as stable molecules. There iiiay,' of . course, - be a number of dillorent 
stable sj^steins corresponding with the stable molecules of, say, 

iron and chlorine, EeClg and FeCig. The plausibiiit-y of this hypothesis, 
of course, is not a proof that it is true. Other hypotheses are indicated 
in the last' cdiapter of this. book. 

, 5. The energy of the' atoms. — Each elementary atom,, as we have secii„ 
,p,resumably has its own definite charge 'of energy. This energy probabl,y 
exists in the form of atomic motions, so that when one atom “ unites ’’ 
with another atom, each atom possibly gives up a part of its energy, or 
“ absorbs ” energ,y from some external source, so that the motions of the 
one atom may be co-mingled with the motions of the other atoms to form 
a stable molecular system. 

6. What makes the atoms and molecules move? We do not 
know I How can matter of itself initiate motion, and particularly 
motion in a harmoniously working system ? Ignoramus. In the words of 
C. Kingsley, “ Everywhere, skin-deep below our boasted science, we are 
brought up short by mystery impalpable and by the adamantine wails of 
transcendental forces and incomprehensible laws.” Consequently, the 
kinetic theories of atoms, of molecules, of the planetary systems, and 
indeed of the solar system itself, ail prescribe or postulate an initial state 
of motion which is seif-sustained and self-regulated. Guesses at the 
birth-history of these motions have been whispered only by the poets. 
Thus, in the oft-quoted lines of Virgil : 

Know first, the heaven, the earth, the main, 

The moon’s j>ale orb, the starry train, 

Are nourished by a soul, 

A bright intelligence, whose flame 
Glows in each member of the frame. 

And stirs the mighty whole. 

Immortal Ne’wton could get no further than this : The motions 
w^hich the planets now have could not spring from any natural cause,” 
It seems as if 

Full many a secret in her sacred veil 

Hath Kature folded. She vouchsafes to imowledge 

Not every mystery, reserving m\ich 

For human veneration, not research, — ^A non. (1551). 

§ 12. The Effect of Molecular Attraction on an Expanding Gas 
—The Joule-Thomson Effect. 

I hero iLse the word “.attraction” in a general way for any endeavour of what 
kind soever made by bodies to approach to each other ; whether that 
endeavour arise from the action of the bodies themselves, or whether it 
arise from the action of the aether or of any medium whatsoever, whether 
coi'iDoreal or iueorporeal, anyhow impelling bodies placed therein towards 
one anotiier, — ^I saac Newton. 

4V. Cullen (1755) seems to have been the first to notice that the tem* , 
perature of air is decreased by rarefaction, and increased by compression ; 
and J. Dalton attempted to measure the effeets.. In a general way, it may 
be said that if a gas, whose molecules exert no attraction on one another, be 
confined in a suitable vessel, and . compressed, the mechanical work 
employed in compressing the gas is equivalent to .the product of the ' 
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pressure liito tlie cliaiige in volume. , Tliis energy is transformed into an 
erpii valent aiiioiint of keat' Wbick raises the t-emperatiire of the gas. : .On 
iho oilier liancl, if tlie gas expands agaii'ist atmosplieric pressure, tlie gas 
will be eooied because tlie'.gas itself has done a oertain .amount of .work 
eqiiiraient to the product of the .atmospheric .pressure into the.. change in 
volume. ■ ■ ‘ ■ ' 

Ko heat is developed when an ideal gas expands into a vacuum because 
no external work is done by the gas. ■ This was established experiinentally 
by some early .experiments by'J, L. -Gay-Lussac (1S07), and by J. P, .Joule 
(184.5), Conipressed ah was allowed to expand into an evacuated vessel, 
and the result, as Joule expressed it, was as follows: “No change of 
temperature occurs when air is allowed to expand in such a way as not 
to develop mechanical power.” Hence, it was also inferred that no 
work is perfonned under these conditions against inter - molecular 
attractions. 

Our study of Boyle’s and Charles’ laws has taught us that inter-mole- 
cuiar attractions occur with most gases. Hence, this latter deduction 
might be questioned. The experiments, however, were not sufficiently 
sensitive to detect the small change of temperature which occurs when a 
gas expands m vacuo, so that although no external work is done by tlie 
gas, internal work is done against molecular attraction. The molecules 
are torn apart, so to speak, against the (feeble) attractive force drawing 

them together. This involves 
an expenditure of energy- 
work must be done. 

Later, in a more delicate 
experiment, J. P. Joule and 
W.:„. Thomson, "(Lord-. .Kelvin)— 

1 85^62— forced a steady stream 
..'df . , ■'.-"gas; .-'..under" a";., pressure 
■slowly .'along 'aiube,- J',-''-Fig.. '4!,..',',.,. 
_ L a small orifice, 0, where it 
expanded against the jiressur© For the sake of simplicity, suppose 
the tube JB has unit sectional area, and that it is made of some 
material wliich does not conduct heat away from the gas. Two phe- 
nomena occur: (1) the gas is slightly heated by friction as it passes 
through, the orifice 0 ; and (2) the gas is cooled as it passes through 0 
against a p,re8sur© 

Suppose a piston A, Fig, 41 , moves from left to right so as to diive a 
volume of air at a pressure into the compartment BO, The work 
done OB the gas is obviously p^V 2 * Similarly, the work done % the gas 
as it pushes the pistoii from, say, B to G through a distance Vi will be p^Vi, 
Hence, if the gas obeys Boyle’s law, we shah have ^ ^rid there 
will be no variation of temperature of the gas on the side AB and BO. If, 
however, work be done against molecular attraction during the expansion 
of the gas, the work of expansion onthe^side BO wil exceed the work of 
compression on the side AB, 'The extra work will absorb. heat from the 
gas itself. Hence, the 'gas on the side BO will be cooled below the tem- 
perature of the gas on the side A 'B, In J oule and Thomsoii’s experiments, 
the temperature of carbon 'diosidej nitrogen, oxygen, and air fell about 1^, 
while the tenqjerature of hy'drogen gas to© about ■0'‘039’= above the tern- 
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peratiire of the gas on the side AB. If, lio-weyer, the: experi,iiient be: con- 
ducted at .a lower temperature, hydrogen gas behaves like tlie other ga.sc;s, 
and is cooled.. The change of temperature which occurs when a g;as 
Is driven through a small orifice is called the Joule-Thomson e&ct. The 
theoretical .fall of temperature, when the pressure falls froni j;^ ^ is, 
about per atm. difference jtJo or more exae%,,if T be the absolute 
temperature, , . 

Fall of temperature ==' 75*35(^2 — , 

If carbon dioxide at 4 atm., pressure at 0° in passing through a porous 
plug suffers a fall of pressure to one atm., the fall of temperature will be 
7o,-35 X 3 273, or 0*828°. . 


§ 13. The Liquefaction of Gases. 

When a thing is possible according to theory, and only practical difficulties 
oppose its realization, it is infinitely probable that these difficulties are not 
insurmomitable.~-~G, Claotde. 


When a gas, passing through an orifice 0, Fig. 41 , and cooled by the 
Joule-Thomson effect, is made to circulate around the tube leading the 
compressed gas to the orifice, Mr enters 

at ZOOatiiir 
pressure- 


issues 
at 20 atm. 
pressure 


the gas issuing from the orifice 
%vili be cooled still more. The 
‘‘self-intensive” or cumulative 
systems for cooling gases, elabo- 
rated by C. Linde, W. Hampson, 
and C. E. Tripler, between 
1894-95, are based upon this principle. 
The idea will be understood after an ex- 
amination of Fig. 42. The air to be lique- 
fied — ^freed from carbon dioxide moisture, 
organic matter, etc. — enters the inner tube 
of concentric or annular pipes, A, under 
a pressure of about 200 atmospheres. 
This tube is hundreds of yards long and 
coiled spirally to economize space. By 
regulating the valve G the compressed 
air suddenly expands in the chamber B. 
The air thus chilled passes back through 
the tube B which surrounds the tube A 
conveying the incoming air. The latter 
. is thus cooled still more. The gas passes 
along to the pumps where it is returned 
with more air to the inner tube. 



'Liquid /fit 


Fig. 42. — Linde’s Apparatus for 
Liquefying Air (Diagrammatic). 

In -this manner, the incoming air at 200 ^ 
atmospheres pressure is cooled more and more as it issues from the jet 0. 
Finally, when the temperature is reduced low enough, drops of liquid 
air issue from the jet. The. : tubes must >11 be packed in a , non- , 
conducting medium — ^wool, feathers, etc.-r— to protect them from the 
external heat. ... 

preserving liquid air,— There is >_ far'geea^'ififferenoe between the 
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temperature of litxm cl' air (about- —190'") and orclinaiy atmosplieric air, 
than between the teiiiX3erature of ice and boiling water. ■ The preservation 
of liquid, air is' thus - a far more; 'difficult problem 
than would be involved in preventing cold water 
' boiling ' away wliile surrouncled by a -steam jacket 
at .200'^.. James Dewar solved the problem by ' 
keeping the liquid air in a double (or triple) wailed 
vessel with the space between the walls evacuated, 
Mg. 43. Glass is a poor conductor, and a vacuum 
is a non-conductor. Hence, the liquid in the inner 
vessel can receive heat only from above, and by 
radiation. The glass walls of the evacuated space 
are also silvered to reduce the effects of radiant 
heat. Still air is a very bad conductor, so that 
the open end of the vessel is plugged lightly with cotton wool in order 
to reciuce the ingress of heat from outside to a minimum. In this way, 
liquid air is transported by rail, etc., with a suiqDrisingly little loss. 




Fig. 43. — Dewar’s 
Flasks. 


NKrogen at 
‘iS^at/n.pressane 


1 14. The Manufacture of Oxygen and Nitrogen from Liquid Air. 

Lindens process. — In Linde’s process (1895), purified air is compressed 
to about 200 atmosxffieres, and diiven along a pipe which divides at A, 
Fig. 44, into two streams and then passes down the interior tubes of a 
double set of amiular or concentric pipes similar to the worm tube, Fig. 42. 
The two inner tubes finally unite into one single pipe, B, The air then 
passes through a spiral via the regu- 

fating valve B, and finally stream>s at C r^=z.2odatms ' 

into the collecting vessel. The action is 
here similar to that described in the pro- oxygen, ai 
cess for the liquefaction of air, Fig. 42. 

After a time, the air is liquefied in the 
collect ing vessel, about the spii’al 8,^ The 
more volatile nitrogen boils off more 
rapidly than the oxygen. Hence, a gas 
rich in nitrogen passes up one of the tw'o 
annular outer pipes as indicated on the 
left of Fig, 44. The liquid rich in oxygen 
is kept at a constant level by means of 
the valve, and thus the rate at which the 
liquid air in the collecting vessel is 
allowed to boil is also regulated. The 
oxygen passes from this tube on the right 
of Fig. 44 along the outer amiular pipe, 
and finally emerges from the apparatus 
wbence it is pumped into cylinders, etc., 
for use. If the valves are all properly 
regulated, the inrusMag air is cooled by 
the counter currents of oxygen and nitrogen. 



• S&ileng 
"'liquid 


Fia. 44, — Linde’s Apparatus for 
the manufacture of Oxygen 
from Liquid Air (Diagram- 
matic) 


The two latter gases 
pass along the tubes as indicated in the diagram. The tubes, etc., are 
all -well insulated with iioii-oondiieting materials-- feathers, wool, etc. By 
this process oxygen can be 0 fotainad,.as\pureas is commercially desired, 
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but tlie escaping nitrogen contains over' 7 per. cent, nf oxygen. ■ The 
original apparatus, has been much. improved, but Fig. ',4:4: illustrates the 
underlying principle very well. .. As'G. Claude has said' : We must salute 
in this apparatus the archetype of ail the. later machines, for 'it ■ was:.' the 
fi,rst to demonstrate „ that the manufacture of oxygen from liquid air. is 
commeroi ally possible.” 

.Claude's counter-current .process of . rectification.— An mipro.veme:nt 
on Linde’s process, by G. .Claude' (1903), enables' practically pu,re oxygen 
and ni.trogen to, be obtained. .When liquid air evaporates., the nitrogen — 
more volatile than the oxygen— escapes first, and the gas 'which' comes from 
the liquid during the earlier ^stages of, .the evaxmration contains. '.so little 
oxygen that ' it' will extinguish a ■ 
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lighted taper ; . as . evaporation ■■■ ^ ^ ^ 

"continues, the escajpiiig , .gas be- - ^ 

comes richer and richer in oxygen ,' 
until at last the escaping oxygen ' . . 

is almost free from nitrogen, ' S ; : Columfi 

Similarly, if oxygen be bubbled J?; 

throiigh liquid air, the escaping s =| 

gas contains about 93 per cent. 

of nitrogen — oxygen condenses 

from the rising bubbles, and 

nitrogen takes its place. s 

A diagrammatic sketch o£ Claude’s . O^^en 

apparatus is shown in Fig. 45. The s*j-; 

cooled and purified air enters the J:;!! 

lower part of the apparatus at a ||‘)b 

pressure of about 5 atm. and rises ... s-- IL' J JnM 

through a series of vertical pipes P ^11 

surrounded by liquid oxj^gen, where ^ i 3E-pi;J 

it is partially liquefied. The liquid z: : Fd (bid 

containing about 47 per cent, oxygen ® 

and 53 per cent, of nitrogen drains > * ♦>. |Di| 

into the lower vessel.^. The vapour 

which has sur visaed condensation (§0%/^} Air 

enters B and then descends through . (47%0) 

a ring of pipes C arranged concen- „ .p. 

trioallv about the set previously ^10. 46.— Claude’s Apparatus for the 
described. Here .allis liquefied. The separation of 0:^gen from Liqmd 

liquid which ultimately collects in ■Mi' (Diagrammatic), 
this vessel D is very rich in nitrogen. 

The pressure of the vapour in the central receptacle forces the liquid nitrogen 
to enter the summit of the rectifying column, and the liquid, containing 
47 per cent, of oxygen, is likewise forced to enter the rectifying coimnn at F 
lower down. The pressures and rates of flow are regulated by the cocks RU\ 
The liquid nitrogen is 3° or 4° lower in temperature than the liquid rich in 
oxygen. Nitrogen evaporates from the down-streaming liquid, and oxygen 
condenses from the up -streaming gases. The heat supplied by the condensation 
of oxygen helps on the evaporation of nitrogen. Consequently, the descending 
liquid gets progressively richer and richer in oxygen, and the ascending gases 
richer in nitrogen. The liquid oxygon drains into the receptacle (7, and is thex'e 
evaporated by the latent heat of the gases condensing in the tubes. Finally, 
oxygen containing from 2 to 4 per cent, of nitrogen passes from the oxygen exit, 
and nitrogen containing 0*2 to 1 per cent. , of oxygen escapes at the top of the 
rectifying column. ■ \ - 

These processes enable oxygen and nitrogen to be made comparatively 
cheaply — one ton of coal for driving the oomg^ession apparatus is said to 
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one ton of oxygen and four tons ofiiitrogeiL , As^ Linde says, “ tlie 
lieat is eliminated from the.air/'excinsi¥ely by .tlie.expeiiditnre of intetnal 
work,’’ that is, the work required' for the'liqnef action of these gases, is solely 
spent ill separating the molecules of. the gases torn one another against 
their inter-moieciilar attractions,' 

Questions/ 

!, On the basis of the Kinetic Theory , deduce , a relationship between the 
pressure of a gas and the velocity and density of its molecules. Caicylate the 
molecular weight of an unknown gas wliich under precisely similar conditions takes 
i* i 17 times as long as oxygen to diffuse through' an &pevt'me,^SheffieM Vnw> ; 

2. How do you understand that the principle of the conservation of energy 
applies to a case on which a coiled spring (as of brass) is compressed within a 
vessel of glass or porcelain, and then completely dissolved in acid ‘(-—Masachusetts 
//wf. TecJmolngif, Hint : more heat is generated when a coiled spring is dissolved 
tlnm is tljc case with an uncoiled spring. 

3. Describe, vdth an explanation of the theoretical principles involved, the 
process for obtaining oxygen on an industrial scale by liquefying atmospheric air. 
— Bom'd of Educ, 

4. E. Slolinari has said : “Newton believed that the pressure produced by 
compressed gases on the walls of the retaining vessel was due to the action of 
repulsive forces exercised by the gaseous particles on on© another. This hypo^- 
thesis is untenable because, if the gaseous particles were endowed with this 
repulsive force, then, in expanding freely without doing any work, this force 
should be transformed into heat, and thus, on expanding a gas, should be warmed.’* 
A cormnentator disagrees with this, adding : “ Actually the work don© would 
absorb heat from the gas itself and make it cooler.” What do you think ? 

0 , What is meant by a chemical change ? In what respects does chemical 
action differ from gravitation ? What properties of matter do we dohno as 
chemical properties, and what are physical properties ? — Punjab Univ, 

6. What hypothesis has been formed as to the physical nature of gases, and 
how does it explain the expansion of a gas by heat and the relation between the 
density, the molecular mass, and the di&sion rate of a gas. — New Zealand Univ* 

7. What do you understand by the Idnetio theory of gases ? how can you 
utilize your kno'wiedge to formulate a proof of Avogadro’s hypothesis ? — Punjab 
Uiiiv, 

8. How is liquid air prepared in quantity ? Diagrammatically sketch the 
appaz’atus employed, and explain fully the principles involved . — Punjab Univ. 

9. Explain the characteristic differences between solids, liquids, and gases 
in terms of the kinetic theory of molecules. 

10. What is our present opinion concerning the physical nature of a gtw ? 
Point out how the law of Boyle, expressing the relation of the volume of a gas to 
the pressure, of Dalton (or Charles) connecting the volume of a gas ^vith tem* 
peratiu- 0 , and of Graham connecting the rate of movement of a gas with its density, 
receive their explanation by mean’s of this conception . — Nevj Zealand* 

n. What is the thermal evidence that the attraction between the molecules 
of the ordinary gases under standard conditions is small ^^Somice and Art Dept* 
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Oxygen 


Atomic weight, 0 = 16; molecular weight, Og = ; hi- or quadri-valent. 

Melting point, — 22®| boiling point, — 182*5° •‘'critical temperature — 119°. 
Relative vapour density (Hg = 2), 31*762 ; (air = 1) 1*1045. One litre of oxygen 
at 0°, 760 mm., and at latitude 45° at sea-level, weighs 1*4292 grams, and 1 gram 
occupies 0*6997 litre. 

§ 1. Oxygen— Occurrence and History. 

Occurrence.— About one-fourtli of the atmospheric air, by weight, consists 
of free oxygen, and water contains nearly 89 per cent, of combined oxygen. 
Oxygen also forms a material part of rocks. It is estimated that nearly 
one-half of the total weight of the roeks which make up the half-mile 
crust of the earth is oxygen, see p. 22. 

History.— Car! Wilhelm Scheele’s laboratory notes, preserved in the 
Royal Academy of Science, at Stockholm, are said to prove that Seheele 
discovered oxygen gas some time before 1773. Seheele called the gas 
fire-air ” and vital air.”’ Seheele made oxygen by heating red oxide of 
mercuiy ; sulphuric acid and manga- 
nese dioxide; nitre; and some other 
substances. Seheele did not publish 
an account of his work until 1777. 

Meanwhile Joseph Priestley indepond- 

ently prepared the same gas, which 

he called dephlogisticated air,” while ||| | | | I|| | IS^^ 

examining the effect of heat upon a 

great variety of substances confined 

in a cylinder (A, Fig. 46) along with HHI ihBBwm 

mercury, and inverted in a trough of 
mercur}^ somewhat as in Fig. 46* 

Priestley focused the sun’s rays upon { §B[|P8MMIri i| |W 

the different substances by means of 
a burning lens of 12 inches diameter, 
and 20 iiichcs focal distance.” Priestley 

announced his discovery of oxygen in Fio. 46, — ^Priestley *s Experiment, 
these words : “ On the 1st of August,” . ■ , 

1774, I endeavoured to extract , air fsom fmfcufius mlcimius per se ; ^ 
and I presently found that by means of this lens, air.wavS expelled 
from it very readily. Having gUt about three or .fo^'times as much as 
the bulk of my materials, I ' admitted'" water^, to. found that it' was 
^ That is, mercuric oxide, or of merotii’y.'' ' 
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mt imbibed by it.' ' But", what surprised me more than I can well, 
express was that a candJ.6 burned in this air with .a.remarkaMe brilliant 
flame.” 

: , , Many emng steps have' stumbled on the, threshold of the discovery of W 

oxygen ; ■ for /instance, Eck de 'Sultzhach,. in 3.489, knew that red oxide., . 
of, ,!ii,ercury gave off a spirit ” when heated ; had he named and isolated 
.the. ^‘spirit” lie ivonld have been credited with the discovery of oxygen. 

In 1678, 0. Bo,rcli prepared the gas by heating saltpetre ; in 1727, S. Hales 
collected the gas obtained by heating saltpetre ; P. Payen obtained it in 
1774 ; and J. Priestley liimself obtained it the same year. These are not 
usually considered to have been discoveries of the gas because no attempt 
wqlB made to determine the specific properties of the product. There ar-e 
also indications in old books that the Greeks knew about oxygen in the 



fourth centuiy ; and that the Chinese were acquainted with the gas long 
before Priestley’s and Scheele’s experiments. 


§ 2. The Preparation of Oxygen. 

Oxygen can he made by simply heating mercuric oxide. Many other 
oxides are available — e,g, gold and silver oxides decompose at lower 
temperatures than mercury oxide, while manganese peroxide (pyro- 
lusite) decomposes at a higher temperature. Unlike silver, mercury, and 
gold oxides, manganese oxide does not break down into the corresponding 
metal and oxygen, but rather into a complex oxide similar in composition 
to the mineral hausmannite — Mn 304 , The reaction is symbolized : 
SMnOg = Mn 304 + Og. Gold, silver, and mercuric oxides are not often 
used on account of the expense. It might be added that the red oxide of 
mercury decomposes more rapidly if it be mixed with powdered platinum, 
fenie oxide, cadmium oxide, etc. 

Mercuric oxide process. — ^When a supply of oxygen is requhed for 
experimental purposes, the apparatus can be arranged differently from 

^ Priestley’s plan. The 

iL A mercuric oxide can be 

placed in a hard glass 

1 E I showm in the diagram, 

I A and fitted with a cork R, 

I I and bent “glass delivery 

tube C, One end of the 
3 delivery tube dips in 
water, Fig. 10, or in 
special cases, in mercury, 
Fio. 47 , — The Preparation of Oxygen. Fig. 47. The mercury 

gas-trough showm at D 
can be w^orked with 5 lbs. of mercury, and it is convenient for collect- 
ing small quantities of gas when it is desirable to keep the gas out of 
contact with water. In most cases, of course, the ordinary water pneu- 
matic trough. Fig. 10. will be used. The temperature of the vessel con- 
taining the mercuric oxide is gradually raised. The air in. the tube is 
first driven off and allo^ved to escape. Later, globules of mercury begin 
to collect in the upper part of the tube, and oxygen is given The 
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mereuriG oxide decomposes : 2HgO = 2Hg 4- O^.; ' Tlie, oxygen is eoi- 
lected for examination ; tlie mercury ,,coilects in the bend and there is 
no risk of. mercury running .back on to the hot .glass and cracking the 
tube. . 10 grains of mercuric oxide give not quite half a litre of oxygen. 

The action of heat on potassium chlorate.-— Potassium chlorate is a 
, white crystalline solid w.hich melts to a clear liquid when heated to about 
340 °. ■ At about 10 ° higher the melted chlorate appears to boil, because 
bubbles of oxygen gas are copiously evolved. The potassium chlorate is 
decomposing. When the bubbling ceases, the molten mass begins to 
‘HMcken ’' or solidify. The potassium chlorate has decomposed into 
potassium perchlorate, potassium chloride, and oxygen. If the tem- 
perature be .raised still further- 
over 600 ° — -the mass again melts 
to a clear liquid and the potassium 
pereliiorate decomposes, giving 
oif more oxygen. The final pro- 
ducts of decomposition are potas- 
sium chloride and oxygen. Hence, 
potassium chlorate can be used 
in place of mercuric oxide for the 
preparation of oxygen gas. Ten 
grams of potassium chlorate will 
give nearly 2|- litres of oxygen. 

The amount of oxygen given off 
by heating a definite weight of 
mercuric oxide or potassium chlo- 
rate can be determined by placing 
about a gram of, say, potassium 
chlorate, dried at 150°, in a hard 
glass tube C, Pig. 48. Care must 
be taken that no chlorate sticks 
to the side of the tube or it may 
escape the action of heat. The 
increase in weight of the tube 
before and after the introduction 
of the chlorate represents the 
amount of chlorate used. After — ^Tho Determination of Oxygen 

the chlorate has been heated, very “*“8 

gently at first, and afterwards 

very strongly, cool, weigh the tube, and also measure the volume of 
oxygen in the burette. The manipulation with the burette is the same 
as described for Fig. 34, p. 115. The loss in weight of the tube represents 
’the amount of oxygen which has been expelled ; and this number will 
agree closely with the weight of the gas calculated from the volume 
measured in the gas burette, if the measurements are accurate. 

The potassium chlorate decomposes completely at a much lower tem- 
perature if it be mixed with manganese dioxide. Manganese dioxide, 
when heated alone, does not give off oxygen below 400° ; potassium 
chlorate alone does not give off oxygen below about 340° ; a mixture of 
the two gives off oxygen at about 200°. After ike action, manganese 
dioxide still remains, but the potassium has decomposed into 
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eJilorkie and oxygen. Manganese dioxide can be recovered 
from tlie residue by lixiviating the mass with water. The water dissolves 
the p'ltasfliiim chloride, and leaves'. the manganese dioxide as a residne. 
Cobalt and nickel oxides, like- manganese oxide, accelerate the decomposi- 
tion of potassinm chlorate. ' '■ ■ ■ 

If potassinni chlorate be suddenly heated to a temperature above that 
at which decomposition occurs, the. salt may detonate in. an open, .vessel 
under ordinary pressure. Some ■disastrous explosions have been produced 
by potassiiim* chlorate. M, Bertlieiot’s experiment (1899) illustrates the 
explosive nature of this salt. 

One end of <1 glass rod is drawn out into a thread, and the narrow’- end is dipped 
several times hi melted potassium chlorate so that each layer of salt solidities 
]>eiore tiio rod is dipped again. When a bend has been formed at the end of the 
rod, dip the rod iiit.o a test-tube heated red hot at one end so that the salt is al>out 
a eontimetre from tlie bottom of the tube. Take care not to touch the sides of 
the tube. As the chlorate melts, it slowly drops to the bottom of the test-tube ; 
each drop of chlorate as it falls explodes with a sharp detonation. 

Potassium chlorate process for making oxygen, — For regular experi- 
mental wa>rk, oxygen is prepared by heating a mixture of potassium chlorate 


I^iG. 49. — The Preparation of Oxygen. Fig. 50. — The Preparation 

of Oxygen. 

(not powdered) with its own bulk of manganese dioxide ^ — oxygen mixture 
— in a wide- necked Florence ilaak, or a retort, or a special copper ‘‘ oxygen 
flask,” ^ fitted with a wdde delivery tube, because the gas is liable to come 
oil mpidly in rushes. The flask is best clamped while tilted slightly 
downward towards the month, as indicated in Fig. 49, because a 
considerable amount of moisture is usually discharged from the mixture, 
and there is a risk of the moisture trickling back and cracking the glass. 
The gas, is collected 0 ver water as in the case of hydi’ogen. 

Peroxide method.-— A third method of preparing the gas depends 
upon the fact that sodium dioxide is decomposed by water into sodium 
hydroxide and oxygen : SNagO^ SHgO = 4IS[aOH + Og. Place about 
10 grams of dry sodium dioxide in a dry 200 c.c. Erlenmeyer’s flask, A, 
Fig. 50. The flask is also fitted with ■ a stopper B bored with two holes. 
One hole is fitted “vidth a, delivery. ;tube 0, and the other hole with a tap 

^ I! the manga-iiese dioxide contains -carbonaceous matters, an explosion 
may occur. ^ Hence the mangahese/dioxide'sbouM be tested by heating a little 
With potassium chlorate before a large, quantity-is heated, 

, » 40 grams of the oxygen mixture may be used with a 250 e,c. flask. 
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tonei: G coEtaining' water. The water from the funnel is allowed to falh 
drop by .drop, , on^ to. the peroxide. ■ Each drop of. water, produces a definite 
amount of gaSy so that the rate of evolution of the gas can be regulated, by 
the rate at which water is allow^ed tO’ drop from, the' funiieL No external 
application. of, heat is required. 6J grams of the. peroxide ^ give .about ,a 
litre of oxygen. Oxone is a, commercial preparation consisti,ng of sodiiini 
dioxide' , mixed , with a little catalytic ' agent like, colloidal . man.ganese 
dioxide, and is used for the making of oxygen on a small scale. 

Permanganate process.—Many other methods are available for the 
preparation of oxygen. Heating sulphuric acid with manganese dioxide, 
chromic acid, potassium dichromate, potassium permanganate, or otiier 
salts rich in oxygen. A 10 per cent, solution of iiyckogen dioxide and a 
concentrated solution of potassium permanganate gives off ox 3 ^geii 
when acidified with sulphuric acid. It can also be made on a small scale 
by heating a mixture of, say, 20 grams of potassium permanganate with 
80-100 o.c. of dilute sulphurio acid (one volume of the concentrated 
acid with four volumes of water) in a flask with a deliver}^ tube and safety 
funnel as in, say, Fig. 103. Oxygen begins to come off when the tempera- 
toe is about 50®, and continues in a steady stream. Ten grams of the 
permanganate with between 40-50 c.c, of the dilute sulphuric acid give 
just over a litre of gas. 

Industrial preparation.— -The particular process to be employed must 
be determined by cost and convenience. If but a, few litres of gas, not 
specially purified, are required, cost is not verj’ serious, and convenience 
is perhaps the most important factor ; if pure ox^’^gen be required, a com.- 
plicated apparatus may be needed, and neither cost nor labour must be 
spared. An elaborate apparatus may be needed to remove traces of 
impurities — say, traces of ozone and chlorine from the oxj'gen. Pure 
potassium chlorate alone will give a gas of a high degi‘ee of purity. This 
method of preparation was used by Morley — p. 62 — ^in his work on the 
atomic weight of oxygen. If large quantities of gas are needed, say for 
industrial purposes, the cost factor is of prime importance. Generally 
speaking, the success of industrial operations depends upon the ability 
of the chemist to manufacture his products cheaply. Oxygen was formerly 
made on a manufacturing scale by Brin’s process (1881). This depends 
upon a YQTj interesting reaction. When barium oxide — BaO — is heated 
in air to about 500®, it is rapidly oxidized to barium dioxide : 2BaO + Og 
== 2 Ba 02 . barium dioxide be heated to a still higher temperature, 

800®, the oxygen is given off and barium oxide remains as a residue: 
2Ba02 =-- 2BaO + Og. The barium oxide can be reoxidized and used 
over and over again, provided the air be freed from carbon dioxide, organic 
matter, dust, and any substance which forms a compound with barium 
oxide which is not decomposed under the given conditions. The regulation 
of the temperature ofiered practical difficulties which were overcome by 
keeping the temperature constant in the vicinity of 700®. Barium oxide 
is then transformed into the dioxide if the pressure of the atmosphere be 
about 2 kilos i)er square cm. ^ The peroxide is decomposed into the oxide 
a.nd oxygen at the same temperature under a. reduced pressure — about 
0’05 kilogram per square cm. The gas pumped off under these conditions 
contained about 90-96 per cent, of oxygen, and 4-XO per cent, of niti’ogen, 
^ formally the atmospheric pressure- per square cm. 
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Brings process could not , compete successfully against the , clie.aper 
method of preparation by .the.^ fractional distiHation of iiciiiid aii’ (p. ^152). 
Keariy all the oxygen oji the market is now obtained by the liquid- air 
process. Very little is obtained by the : electrolytic , process indicated on 
p. 114. .The o,xy'gen is. pumped', into steel cylinders under a pressure of 
100-150 atmospheres., and sold as ‘ ‘ compressed, oxygen. ’ ' , The .gas may be 
obtained, from the cylinders at any .desired rate by opening the Yalve. 

§ 3. Catalysis. 

Materializing abstractions is a vice of thought.— H. 8. B. Elliot. , ' , 

Tlie action of manganese dioxide on the decomposing potassium chlorate 
is very curious. It acts as astimulant. We do not know precisely how^ the 
man^iiiese peroxide does its wmrk, although we can form a rough idea of 
wiiat is taking place. Many other oxides act similarly, but not quite so 
vigorously— e.gr. ferric, copper, cobalt, or nickel oxide may be used in 
place of manganese oxide. It is quite a common thing to find that the 
speed of reactions is accelerated or retarded by the presence of a “ foreign 
substance whose composition at the end of the reaction is the same as it 
was at the beginning. We met two cases in connection with the combus- 
tion of hydrogen — platinized asbestos, and moisture. These agents are 
coiiYeiiiently grouped together as “ catalytic agents,” and the general 
phenomenon is called “catalysis.” It must be clearty understood that 
“catalytic reactions^’ is simply a term for grouping* those reactions 
whose speed is modified, or for those reactions which can be started 
by the presence of a small amount of a substance which is found to 
possess, at the end of the reaction, the same chemical composition 
as it had at the beginning. The catalytic agent may be affected by 
interaction with the products of the reaction, etc. — see “ Consecutive re- 
actions ” (§ o). The word “ catalysis ” itself explains nothing. To think 
otherwise would lay us open to Mephistopheles’ gibe : 

A pompous word will stand you instead 

For that which will not go into tlie head. 

Tliis means that too much tnist must not be placed in words. It is just 
when ideas fail that a word comes in most opportunely. There is no 
difficulty in covering an obscure idea by a word so that the word 
appears to explain the idea. In passing back from the word to the idea, 
it becomes easy to believe that the “ subjective abstraction has an 
objective existence,” or that because there is a word, something real 
must lie behind the word. 

These remarks about the term “ catalysis ” might be applied, nvutatis 
mutandis, to many of the terms in common use in chemistry — “ passive 
resistance,” “chemical affinity,” the “ions” of the ionic theory, etc. 
Ostwald ingeniously compares the action of a catalytic agent with the 
action of oil on a machine, or of a whip on a sluggish horse. Ostwald, 
and his followers, believe that the reaction must be actually in progress 
before the catalytic agent can act. This limitation is quite arbitrary and, 
so far as we can see, does not. agree with ail the facts. Catalytic agents 
can st^, accelerate, or retard '-the' speed of chemical reactions. Some 
have tried to evade the difficulty , by Calling those reactions whose speed is 
merely accelerated by the catalyst, catalytic reactions ; and those leactions 
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which cannot start unless their chemical energy is released, or loosened in 
some way, trigger .reactions — vide period' of induction, ■ 

, § 4. The Properties of Oxygen. 

■ Oxygen, like air, is, at ordinary temperatures, a colourless,; tasteless^ 
and odouiiesa gas. It is a little heavier than air : 


Litre of normal air' (760 mm. and 0®) . , . , . ■ 1'292 grams. 

Litre of oxygen (760 mm. and 0°) ..... . . 1*429 grains. 


Oxygen is appreciably soluble in water — 100 Yolumes of water, at 0*^, 
can dissolve nearly 5 volumes of oxygen under a normal pressure of 700 
mm., and at 20*^ about 3 volumes of the gas are dissolved. Fish are 
dependent upon the air dissolved in water for the oxygen they need for 
respiration. Animals are dependent upon the oxygen in air for respiration. 
Air normally contains 21 per cent, of oxygen, and if the proportion falls 
to 17 per cent, no known deleterious effects have been observed. Indians 
living in the upper reaches of the Andes breathe air which has oxygen 
equivalent to air with 12 per cent, of oxygen at ordinary atmospheric 
pressure. When the proportion of oxygen falls below this value the air 
is getting dangerous, and although air with less than 7 per cent, of oxygen 
can be breathed with impunity for a short time, life wiU soon be extinguished. 
A candle is extinguished in air with less than 17 per cent, of oxj'gen. A 
mouse soon dies if placed in an atmosphere deprived of oxygen. Pure 
oxygen can be breathed for a short time without harm, and ox^^gen is used 
medicinally for the resuscitation of persons who have been suffocated, or 
suffering from carbon monoxide poisoning, etc., where, owing to the en- 
feebled action of the lungs, the blood is not sufficiently aerated ; and 
where it is necessary to stimulate a person with an internal injury— 
a broken rib — which would prevent artificial respiration. The prolonged 
inhalation of oxygen soon raises the temperature of the body dangerously 
high. An animal placed in ordinary or in compressed oxygen soon dies. 

Metallic silver, gold, platinum, and palladium absorb oxygen at about 
500°. Molten silver dissolves about ten times its volume of oxygen, and 
gives it up again on cooling. In cooling, a solid crust forms on the 
exterior surface ; as the interior cools the gas bursts through the solid crust 
driving out a spurt of the still fluid metal — ^the phenomenon is called the 
* ‘ spitting ’ ' of silver. Molten platinum behaves in a somewhat similar way. 

Oxygen has been condensed to a bluish-coloured mobile liquid at 
— 119° under a pressure of 50 atmospheres. If the temperature exceeds 
—119°, oxygen cannot be liquefied by any pressure how^ever great. The 
smallest pressure \vhich will liquefy oxygen at —119° is 50 atmospheres. 
The temperature —119° is therefore the critical temperature, and 50 atmo- 
spheres is the critical pressure of the gas. Oxygen gas is feebly magnetic. 
Liquid oxygen boils at — 1 82*5 °, pressure 7 60 mm. The liquid has a specific 
gravity of 1*13, that is, liquid oxygen is 1T3 times as heavy as an equal 
bulk of water. Liquid oxygen can be frozen to a pale bluish-w^'liite solid 
not unlike snow in appearance. The solid melts at —227°, and has a 
specific gravity 1 *43. With the notation used before : 

—227®; ' ' ' V '• 

O^cygen — Oxygen, .,>7 'Oxygen ; , ' 
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Liquid oxygen is strongly attraeted. by" a magnet,, so that if a little liquid 
oxygen is placed in a enplbeiieatli- the } 3 oles of an eleetroniagiiet, it, leaps ,iip 
to the poles and remains permanently attached until all is evaporated., 
i\Iixtiires of liquid oxygen and petroleum are violently explosive. It is said 
that a lighted candle failing ',mto a. bucket of liquid, oxygen sent, C. ■Claude 
to the hospital in a very pitiable conditiond"* Lain,p"black soaked in liquid 
oxvgen burns slowly when ignited, but explodes violently when detonated 
by a fulminate primer. Liquid air, or rather liquid air enriched with, 
oxygmi, furnishes the explosive oxyliqnite when mixed with, charcoal ; ,3 cm,, 
cartridges charged with one part carbon, one, part petroleum, and eight 
parts of liquid oxygen were tried experimentally when cutting the Simplon 
tunnel The cartridges ,are exploded by an electric fuse and a mereuiy , 
fulminate (tap. The chief objection is that the cartridges must be used 
within three minutes after charging, or the oxygen will evaporate. This 
objection might be aii advantage under some circumstances, since a mis- 
fired shot is harmless in a short time. 

Oxygen is used in conjunction v/ith hydrogen for the oxy-hydrogen 
Same iq.v , ), and with acetjdene for the oxy-acetyiene dame used in welding. 
Thick steel plates can be cut with ease by playing a fine stream of oxygen 
on the red-hot metal Advantages are claimed for enriching with oxygen 
the air-blast of a blast furnace, etc. Oxygen is used in bleaching, in the 
oxidation and thickening of oils to be used in making varnishes, linoleum, 
'etm ■, 

The grea^t chemical activity of oxygen is well typified by Priestley’s 
quaint observation, indicated on p. 155. A glowing splint of wood ( cedar 
splints ”) when plunged into oxygen bursts into fiame, the carbon of the 
wood being oxidized to carbon dioxide (COg). The infiammation of a glow- 
ing splint is often used as a test for oxygen. A mixture of air and oxygen 
with less than 28-29 per cent, of oxygen does not re-igiiite a glowing spMnt, 
and if the air has less than 16 per cent, of oxygen the glowing splint will 
be extinguished. Oxygen alone has no action on clear lime w^ater, but after 
a splint has burnt in the gas, the clear lime w^ater becomes turbid. Oxygen 
combines directly with most other elements, particularly at elevated 
temperatures, forming oxides. Iodine, bromine, fluorine, gold, platinum, 
and argon and its companions do not combine directly with oxygen ; but 
oxygen combines indirectly with all elements excepting the argon group 
of eiernents, fluorine, and possibly bromine. If the metals be arranged in 
the order of their avidity or readiness to combine with oxygen, caesium, 
potassium, and sodium will be found at one end of the series, while platinum 
and the argon family will be found at the other end. 

The direct combination of oxygen with some of the elements can be 
illustrated by placing small dry pieces of carbon, sulphur, phosphorus 
in deflagrating spoons, heating them until combustion begins, and then 
plunging each into a jar of oxygen. ^ The glow^ing piece of charcoal burns 
very brightly and forms a gaseous oxide — carbon dioxide, CO,. Sulphur 
burns with a lavender-blue flame, forming gaseous sulphur dioxide-— 
SOg ^wdxich has the peculiar odour characteristic of burning suiphur. 
The reaction is symbolized; 8 + Og — SOg ; sulphur dioxide is soluble 
in water forming sulphurous' 'acid— H 2 SO 3 — which reddens blue Itnios 

. \ Qmck-seaiing fmit Jars fitted, with a deflagrating spoon make excellent gas 

|ars for these experiments. . ^ 
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solution — HgO + SO2 ~ HgSOs- 'The e-^fperjmant can be eondiietetl m 
recomnieaided by F. Eiidorff, Fig, . 51 . The two^necktd globe is corked a,t 
one end and filled with oxygen at tbe pneiiinatjc trough In the orflinary 
manner; one neck is aliowed to dip in a beaker of %vater as siio\.vn in 
the diagram. When tlie deflagrating spoon, fitted with a tialniv fitting 
cork, is inserted with the burning sulphur into the globe, the water, eohrured 
with blue litmus, rises in the vessel as the sulphur dioxide is absorbed. At 
the same time the litmus ohanges in colour, showing the forjuation of an 
acid during the burning of the sulphur. Phosphorus burns in oxvgen 
vigorously and brilliantly, forming a white cloud of phosphorus pentoxiVic 
--PgOs. „ The reaction is represented 4 P + 2X^05. The phos- 

pboriLS pentoxide dissolves in cold winter, forming metapllosphoric acid— 
HFO3, The reaction is ■ '•written: H2O = 2HPO3. These 

reactions will be studied in more detail xvhen the" 
elements in question receive individual treatment. 

It might be added that dry sulphur, dry phos- 
phorus, and diy^ carbon burn with great difficulty 
or not at ail in dry oxygen. In fact, perfectly 
dried substances often appear to be chemicaHy 
inert, whereas they react vigorously if a trace of 
moisture be present. 

To shoiv the combustion of iron in ox3^gen gas? 
tie a tuft of “ steel wool ” to the end of a stout iron 
wire by means of a piece of steel wire. Heat the end 
of the wool in a Bunsen’s flame until incipient 
combustion begins, and quickty plunge it into a jar 
of oxygen on the bottom of wdiich a iaj^er of water, 
sand, or asbestos paper has been placed. The wool 
burns with dazzling scintillations, the product of 
the reaction— iron oxide — falls to the bottom of the 
jar in fused globules. When cold, the oxide of ‘iron 
resembles a blacksmith’s hammer scale. It is called 
black or magnetic oxide' of iron — FegO^i. The reaction is usually written: 
3 Fe + 2O3 = FcgO^. The subject -of oxidation and combustion will be 
resumed in a later chapter. 



Fig. 51.— Elidorffs 
Gas Jar. 


§ 5 . Consecutive Reactions. 

With the growth of knowledge, reaction represented by the older chemists 
by simx)le equations resolve themselves into reactions of greater and greater 
complexity. — A no n , 

Let us return to the action of heat on potassium chlorate. The repre- 
sentation of a chemical reaction by means of an equation emphasizes the 
character of the initiail and of the end products of the reaction, but it con- 
veys no idea of the mechanism of the reaction— the different materials 
interact to give the flnal products. The, regular type of chemical equation 
shows but the beginning and the end of , the reaction. There can be no 
doubt that quite a number of intermediate, stages temporarily subsist 
before the drama of the reaction closes with; the ,flna act^ — the formation, ,0! 
the end prexiucts. There is'plontF.ioi us to infer the 
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existence of a kaleidoscopic seq[iieiice. of changing scenes during the progress' 
of what are usually considered ■simple reactions. Some suppose that water 
lias no more right to representation in the chemical equation than the glass 
of the vessel in which the reaction occurs. , As ,we .progress in our studies, 
we sliall find that waiter profoundly modifies the properties of most sub- 
stances with Avhicli it is in contact— e.g'. the influence of moisture on the 
oxidation of hydrogen, sulphur, etc. This/’ said ChX. Bertliollet ( 1803 ), 
'"is a striking" illustration of 'the effect of 'words on the ideas, w^e form and, 
even on the results of observation. We begin by considering a solvent as 
the liquid employed in making solutions wiiich we term "mere mixtures 
of solvent and dissolved substances,’ consequently, the attention, is, rarely 
directed to the infiuence of the solvent under other circumstances because, 
in them, it retains the name ' solvent.’ Itniust, however, never be forgotten 
that all the substances present in a reacting system exercise an action ; 
and if there are circumstances in which the solvent may be neglected, 
there are others in which it contributes efficaciously to the result.” 

As a result of quite a number of experimental investigations on the 
deeomj)ositioii of potassium chlorate, and a study of the available cir- 
cumstantial evidence, w^e are able to get, in imagination, a peep behind the 
curtain wdiich hides the course of the reaction. Firstly, it is not quite 
correct to say that the manganese dioxide is not changed in any w^ay 
during the reaction because a microscopic examination of the manganese 
dioxide, before and after the reaction, shows that it has undergone a 
physical, if not a chemical, change — ciystalline manganese dioxide 
apparently becomes amorphous. The manganese dioxide does appear to 
take part in the reaction in spite of the fact that it has the same chemical 
composition at the end as it had at the beginning. Secondly, the man- 
ganese dioxide is probably oxidized by the decomposing chlorate to form 
one of the unstable higher oxides of manganese, exactly what oxide we 
do not know% This uncertainty is expressed by wTitiqg the unknown 
oxide : MnO^^+ 2 wdiere the numerical value of n is not known with certainty. 
This .stage of the reaction can then be represented by the equation : 

IkOIOs + MnOa = |kC 1 + MnO»+2 ... ( 1 ) 

Thirdly, the unstable oxide produced by the oxidizing action of the 
|)otassium chlorate probably breaks down almost as soon as it is formed, 
regenerating the manganese dioxide, and liberating free oxygen : 

2MnO,i+ 2 = SMnOa + nO^ (2) 

The manganese dioxide so formed is again oxidized, and the oxide again 
decomposed regenerating manganese dioxide anew% This cycle of changes 
continues until the potassium clilorate is all decomposed. The opening 
and closing scenes are represented : 

2KCIO3 [ + MnOg] 2 KCi [ + MnOg] + SOg 

Equations (1) and (2), expressed in the most general form, indicate that 
we are dealing with a reaction in which 

A ^ IT' and 

where A and B respectively denote the initial and final products of the 
reaction, and M the intermediate products. In the reaction just considered, 


OXYGIN- ■ 165 

, M. is represented by Fader ■■the prevailing , coiiditions, A does 

not iorm B' directly. , Consecutive reactions are those in which inter- 
mediate products are produced which,, do not necessarily appear as 
hna! products, in thC' reaction. , Gonseoutive rea,ctions occur ■.in. stages; 
one , stage , must be in progress before another can start... The . speed, of 
formation of B from A obviously depends on the speed, of the ,irite.rmediate ' 
reactions. If the reaction A M be very rapid, and M B be very slow, 
the intermediate product M wiU' accumulate in the s3?'stero, .and could be. 
recognized and probably isolated. Several examples are known. On the 

■ other hand, if A M be very slow, and M B be. very fast, it would, be, ■ 
, hopeless to .look . for intermediate products, and the evidence in 'support ' 

■ of the '.assertion that the reaction involves' a sequence of consecutive dr. 
intermediate reactions must be circumstantial, not direct proof, ^ 

I § 6, Concurrent or Side Reactions. 

The fate of the potassium perchlorate.-~.Part of the chlorate decom- 
poses into potassium chloride and oxygen : 

2KC108-->2Kei 4- SOa 

and part oxidizes another part of the chlorate into potassium perchlorate 
(KClO,): 

KCiOa 4 - 3KC103-->KC1 + 3 KCIO 4 

These two reactions proceed side by side — concui-rentiy, j^et independently. 
Measurements of the relative proportions of potassium x3erchlorate and 
oxygen formed at different temperatures show that the potassium per- 
chlorate reaction proceeds nearly twice as fast as the other reaction. The 
lower the temperature, the greater the relative speed of the perchlorate 
reaction. Hence as the potassium perchlorate accumulates in the system, 
the molten mass becomes more and more viscid, and if the temperature be 
below the melting point of potassium perchlorate (610°), the mass solidifies 
when enough potassium perchlorate has accumulated in the system, even 
|i though the temperature be higher than the melting point of potassimn 

chlorate (340°). When the temperature is raised high enough, the potas- 
sium perchlorate decomposes into potassium chloride and free oxygen. 
Here again the opening and closing scenes are represented by the equation : 
KCi04 = KOI -f 2O2 

But the whole reaction could perhaps be better represented by the 
scheme : ^ 

Between 340°-610® Above 6i0® 

AirriiA ^ + SKOIO^ 4KC1 -f- 60^ 

hHUUs ^ 2KC1 4- 3O2 

It will also be obvious that the same reasoning must apply in a longer series 
of intermediate reactions ; A-»M; M-»N; etc. ^ Similarly, one or 

more of the intermediate reactions might be concurrent reactions (see below), or 
B opposing reactions (p. 119). 

^ Thk view of the mechanism of the decomposition of potassium chlorate 
by heat shows how the relative proportions of potassium chloride, perchlorate, 
and oxygen depend on the temperature, and almost an infinite number of equa- 
tions are possible. The students must bear this in mind when reading many 
text -books, for the reaction is often represented by complex equations. It can 
be shown that all so far proposed are special oases of the simple equations described 
in the text, and these are based on the work of W. H. Sodeau (1,900-1903). . 
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The fnial products of both ■reactions, are potassium c.liloricle and oxygen,, 
and tills is the sole jnstificatioii'iGr writing the equation SKClOg = .2.KCi 
-f When two or more reactions proceed simultaneously and.inde- 
pendeiitiy side by side in. the same system they are said to, be concurrent 
or side reactions. If one of the., reactions proceeds much faster than' the 
others, it is said to be' the main reaction; the others;, side reactions.. 
'Wfien potassium cMorateis heated with manganese dioxide, no potassium 
perchlorate has yet been detected among products of the reaction. ' Hence 
it is inferred that no potassium perchlorate Is formed. ■ If this, be correct, 
tlie eyelie reactions between the manganese dioxide and potassium chlorate' 
proceed rapidl}’ at a temperature much lower than that , at which the 
p€>rclilorate reaction has, acquired an appreciable' velocity. ■ In .fine, the: 
catalytic agent accelerates at least one of the two concurrent reactions. ; 

It must not be supposed that the above outline gives a complete re- 
presentation of this remarkable reaction. The products of the reaction 
may interact witli themselves or with the catalytic reagent. In some 
eases part of the oxygen comes off as ozone, and the products of the re- 
action may contain a little chlorine. Traces of potassium permanganate 
have been detected among the residual products. The chlorine and potas- 
sium jcermanganate are probably formed by a reaction between the potas- 
sium. chlorate and the manganese dioxide. As soon as the student gets 
beyond the kindergarten or pyrotechnical stages, chemistry becomes 
inteileetually fascinating, 

§ T. The Origin of the Terms ; Acid, Base, and Salt. 

However convenient the classification of oxides into acids and bases mignt 
be for an elementary presentment of chemistry, a glance from the vantage 
ground of facts not usually referred to iiT elementary courses, shows 
such classifications to bo imperfect and arbitrary to a degree. — 
D. Ca’rxegxe, 

l?he early ciiemists appear to have gradually learned to arrange certain 
substances into two groups according as these substances possessed certain 
qualities in common with vinegar or with wood ashes. Tlie former -were 
called acids (from the Latin, ackhw, acid); and the latter, alkalies 
(from the Arabian, alktU, ashes of a plant), because the alkalies were 
generally obtained by calcining various materials and reducing them to 
ashes. Towards the end of the seventeenth century, Robert Boyle sum- 
marized the properties of acids as substances which (1) have a sour taste ; 
(2) dissolve many substances (corrosive) ; (3) precipitate sulphur from 
alkaline solutions of sulphur ; (4) change many vegetable blue colours 
{e,g, blue litmus) red ; and (5) lose their acid oharaeteristics wdien brought 
into contact with the alkalies. The alkalies were considered to be sub- 
stances -which (1) possessed detergent and soapy properties ; (2) dissolved 
oils and sulphur; (3) restored vegetable colours reddened by acids; 
and (4) had the power of reacting with acids to produce indifferent 
substances. - " 

The pro|)erties of acids and alkalies were thus opposed to one another ; 
for when mixed together, the one neutralized the other. Salts were con- 
sitierod to he products of the interaction^ of acids and alkalies. It was soon 
found that some substances with alkaline qualities did not melt nor change 
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viieii heated, and were almost insoluble in water — these substances weie 
called earths. In 1744 E. G. Eouelle employed the word bam to include 
the earths, alkalies, metallio oxides {‘^calces”), and all substances which 
produce salts by reacting wdth the acids. 

, ^ It w^as soon recognized that manj? substances eouklnot well be grouped 
with the acids and bases, although they possessed qualities characteristic 
of acids or bases. Thus aluminium ammonium suiphate— aliiiii — foiins a 
solution -with water w^hich has a sour taste, deprives sodium In-'tiroxidc 
of its allcaline qualities, and turns blue litmus red ; copper sulphate reddens 
blue litmus ; sodium carbonate and sodium borate timi red litmus blue, 
etc. Conversely, substances may be grouped as acids and bases, even 
though they have no action on litmus, e.g, silicic acid, has no action, 
on blue litmus, and yet it is an acid ; similarly copper oxide, GuO, is a 
base without action on red litmus. 


§ 8. Acids. 

Acid is rather the name of a function than the name of a substance.— A nok. 

In his study of the properties of oxygen, Lavoisier noticed tiiai wlien 
certain elements were burnt in oxygen, the resulting oxide forms an acid 
with water — e.,g, carbon, sulphur, and phosphorus. Hence Lavoisier 
concluded (1777) that ‘‘ oxygen is an element common to all. acids, and 
the presence of oxygen constitutes or produces their acidity.” Lavoisier 
considered oxygen to be the essential constituent of ail acids. The 
ver3^ name oxygen, given to this element, was derived from Greek words 
signifying “ the generative principle of acids ” — h^6s (oxiis), sour, and 
yewao) (gennao), I produce — because “ one of the most general properties 
of this element is to form acids by combining with many different sub- 
stances ; hence the German term for oxygen BauerstoJJ, or acidifying 
^ stuff. For a time, U principle oxygene %vas a fetish with the French 
chemists ; but, with increasing knowledge, it was found that Lavoisier^s 
oxygen theory of acids led to confusion and error, and it was gradually 
abandoned by chemists w'heii it was recognized that : 

1. Some oxides fortn alkalies, not acids, imth water, — B,g, sodium, 

potassium, and calcium oxides. As Humphry expressed it, “ the 

principle of acidity of the French nomenclature might now lilcewise be 
called the principle of alkalescence.” 

2. Some acids do not contain oxygen, — C, L. Berthollet shoived, in 1787, 
that hydrocyanic (prussic) acid is a compound of carbon, nitrogen, and 
hydrogen, but contains no oxygen ; and he also came to a similar conclusion 
with regard to hydro-sulphuric — hydrogen sulphide. But for some time 
Lavoisier’s reputation had more weight than BerthoHet’s facts. In 
1810-11 Humphry Davy^ proved that hydrochloric acid is a compound 
of hydrogen and chlorine, and that no oxygen could be detected in the 
compound. In 1813 Davy also proved that hydriodic acid contained 
hyckogen and iodine, but no oxygen. . Hence, added I)avyq “acidity is 
not connected with the presence of any one element.” 

As a result of Davy’s work, the, acids came to-be classed as hydracMs— 
acids containing no oxygen-; and oxyadds— acids formed from acidic 
oxides. In 1815 Daiy^' suggested, 'the; -'-possibility that .hydipgen, ' not 
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oxygen, gives the acid, characters to .the acids but he did not rush to the 
other extreme and say, that .ail hydrogen compounds are necessarily ^acids. 
There is no one property which, we can, use as an absolute ^criterion or 
decisive test of acidity. In a crude sort of way, it can be said, that mids 
nsimlhj ham a sour taste, are usually corrosive, redden the blue colour of 
vegetable substances (e.g, litmus), mid contain hydrogen, part or all of which can 
he replaced when the acid is treated with a metal, metallic oxide, hydroxide, 
or carbonate, Aci'ds are known with a sweet taste, and , which are not 
coiTosive, Alum, as indicated above, does not contain replaceable 
hydrogen, and it would not therefore be classed as an acid, although it is 
sour, corrosive, and colours blue litmus red. But we are far from a satis- 
factory deilnitioii of acids, although, as "we shall see, we can make a fair 
definition in terms of the ionic hypothesis. ^ Sodium bisulphate has a 
sour taste, is corrosive, reddens blue litmus, and contains replaceable hydro- 
gen, but it is not usually regarded as an acid because of its mode of for- 
mation. ^Naturally the student delights in clear, sharp-cut definitions, 
and teachers of science have many temptations to frame definitions and 
draw boundary lines which do not exist in nature. “ Definitions,” said 
John Hunter, “ arc the most accursed of all things on the face of the earth.” 


§ 9. Salts. 

There is perhaps no inquiry which has thrown so much light on a multitude 
of combinations which the want of method had permitted to be confoimded 
as Rouellc’s observations on the characters of salts, — C. L. Bebthollet, 

In modern chemistry the word salt is a descriptive term applied to 
a distinct family of substances and not to any particular individual. In 
the kitchen, ‘‘salt” is colloquially applied to one specific individual, 
sodium chloride. A salt is produced by replacing all or part of the 
hydrogen of an acid by a metal or basic radicle. For instance zinc dis- 
places the hydi’ogen, of sulphuric acid : Zn + H 2 SO 4 = ZnS 04 + Hg 
forming zinc sulphate as indicated on p. 114. Hence C. Gerhardt (1843) 
defined acids to be “ salts of hydrogen ” : 


SO4-- Bivalent Radicle. 
Hydrogen sulphate (sul- 
phuric acid) . . . H2SO4 

Zinc sulphate .... ZnS04 
Sodium suipliate . . . Na3S04 


Cl •” Univalent Radicle. 
Hydrogen cliloride (hydro- 
chloric acid) .... HCl 
Zinc chloride .... ZnCig 
Sodium chloride . • . NaCl 


Saits of the binary acids (^.e. acids compounded of two elements ^ 
like hydrochloric acid, hydrofluoric acid, etc.) are usually named by 
di*opping the prefix “ hydro- ” and changing the teimination ‘‘ -ic ” into 
“ide.” Thus the acids just named furnish chlorides, fluorides, etc. To 
show what chlorides, etc., are in question, the name of the corresponding 
element (or elements) is introduced as an adjective. Thus we have sodium 
chloride, potassium chloride, calcium chloride, etc. The names of the 
elements are thus used adjectivally in the same sense that the words 

^ Although the definitions in termis of the ionic hypothesis are not very 
different from the definitions in the text, so far as practical applications are con- 

__ ® Some radicles free from oxygen,' e.gr. CH'or Cy, are regarded as if they were 
single elements. W hy t Thus hydrocyanic acid — — furnfehes cyanides. 
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“ stone/’ brick,” and “ wood ” prefixed to “ hoirse ” are adjectival, and 
indicate tbe'.kind of, house ill, question. ■ 

The salts of the ternary, acids {Le, acids uith three elements) are 
named by changing,' the ,,“ -ic ” termination of the acid “-ate,” or the 
“-ous” termination of , the,. 'acid into/.“.>ite,” and adding the word so 
obtained to , the base or bases forming 'the salt. Thus sulphuric acid 
forms,suI,phates—e.y, sodium sulphate;' .nitric acid, nitrates — e.g. calcium 
nitrate; sulphurous acid, sulphites— , ammonium sulphite; perchloric 
acid, percMorates— potassium perchlorate ; hypoclilorous acid, hypo- 
chlorites— calcium liypoclilorite ; carbonic acid, carbonates — e.g. calcium 
carbonate, etc. ■ ; 

' :F. G. Roiielle, about 1754,' distinguished the neutral salts of a given 
base from the acid salts with an excess of acid, and the question whether the 
proportions of acid and base in the two salts were constant so that there 
were but two combinations— one with a maximum and the other with 
a minimum quantity of acid— or if combinations could exist with inter- 
mediate proportions dependent on the circumstances under which the salts 
were formed ivas discussed hy C. L. Berthollet and J. L. Proust in the con- 
troversy to which allusion has already been made. 

In normal salts all the displaceable hydrogen of the acid is replaced by 
the base. For instance, sodium sulphate — ^Na^SO^i — is a normal salt 
because ail the replaceable hj^-drogen of sulphuric acid is disi)iaced by 
sodium. In acid salts only part of the replaceable hydrogen has been 
displaced by a base, and the salt still contains replaceable hydrogen. For 
instance, acid sodium sulphate — NaHS 04 — contains half the replaceable 
hydrogen of sulphuric acid, and half as many equivalents of sodium as 
normal sodium sulphate. If an acid contains t^vo or more replaceable 
hj^drogeu atoms, it does not follow that all need be displaced by the same 
element. These ideas can be illustrated graphically — sulphur sexivalent : 


NaOs. q^G 


HO. NaO.o^O 

Sulphuric acid. Acid sodium sulphate. Normal sodhim Sodium potassium 

sulphate, sulphate. 

Sometimes the term “ hydrogen ” is used in place of “ acid ” for the 
acid salts, and sometimes the prefix “ bi- ” or “ di- ” is appended to the 
term for the acid in the salt. Thus “ acid sodium sulphate ” is also called 
sodium hydrogen sulphate,” “ sodium bisulphate,” as well as “ mono- 
sodium sulphate,” etc. The normal salts are sometimes called “ neutral 
salts ” in the sense that ail the hydrogen has been “ neutralized ” or 
displaced from the acid. These salts, however, are not necessarily neutral 
to litmus — thus normal zinc or copper sulphates react towards litmus 
as if they were acids : borax, sodium nitrite, and normal sodium carbonate 
react as if they were alkalies. ^ Note the confusion in the use of the term 

^ Hence, some years ago, the name of the bf^ic element used to be modified 
to give it an adjectival form ; hydrie chloride i potassic chloride ; calcic chloride ; 
etc'. This system has been abandoned tml&ss it , is desired to distinguish bet%veen 
“ -ous ” and “ -ie ” compounds — e.g. ferrous chlojfide, and ferric chloride, etc. 

^ Usually mereui’ous, merouxic, cupric, . aluminium, ohroxnic, ferric, stannous, 
stannic, antimonious, and bismuthous soluble salts with the common acids have 
an acid reaction — ^redden blue litmus b .while the borates, carbonates, chromates, 
hypochlorites, nitrites, phosphates, silicates* sulphides, and sulphites of alkali 
metals have an alkaline reaction — turn red litmus blue. , ^ . 
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« acid” The terra, may foe .used '(i) as a nomi, to deiiote.a particular class of 
substaiiee.s ; (li) as an adjeetive^to'-' denote a ceiiain qiialitymr /property— 
e,g, its effect on litmus, etc.,.; and (iii) as,' an .adj.ective, to tienote tliat a salt 
lias rc]flaceabl6 foy'drogen atoms. Many acid salts are uC'wf ' to .litmus, e.g, 
sodium hydrogen sulphate ;., others, are alkaline, e.g, sodium iiydrogen, 
carbonate'; others again am neutral, e.g, disodlum hydrogen phosphate. 

It is soiuetiiiies necessary, to use the prefixes. .mono-, di-, tri-, , . .. to 
discriminate between the. different salts of one acid. Thus with phosphoric 
acid— phosphorus quinqueyalent — 

. HOv NaOs,' ' ■ 

HO-~;P = 0 H 0 -~>P -0 

HO"" ' my 


NaOv ' 
NaO-^P = 0 

my 


NaOx 

.NaO^P=0' 

NaO/,-.., 


lHu>spl-iOiic 

acid. 


Monosodmm 

phosphate. 


Disodinm Normal or tri-sodinm 
pho.sphate. phosphate. 


It woold be a mistake to assume that afi the hydrogen of an acid is 
replaceable by a base. Thus, so far as we know, hypophosphorous acid — 
H.>PO., — lias only one of its three hydrogen atoms replaceable by a metal. 
No one has ever prepared Na^HTOo, or NagPO^. The number of atoms 
of hydrogen in one molecule of an acid which are replaceable by a 
metal, or a radicle, is termed the basicity of the acid. Thus hydro- 
chloric aid— HCl— is monobasic because each molecule of hydrochloric 
acid contains one replaceable hydrogen atom ; sul|)hunc acid — H2SO4 — is 
dibasic ; phosphoric acid — H3PO4 — is trifoasic ; and silicic acid — H^SiO^ — 
is tetrabasic. Hypophosphorous acid— HgPOg,— is monobasic. 


§ 10 . Neutralization. 

A solution of sulphuric acid, like other acids, colours blue litmus red ; 
and a solution of sodium hydroxide, like other alkalies, colours red litmus 
blue. It is possible to mix the acid with the alkali so as to furnish a solu- 
tion which neither tastes nor reacts towards litmus like sulphuric acid nor 
like sodium hydroxide. If too much acid be present, litmus will be 
coloured red, and if too much alkali, blue. The mixture on evapioration 
furnishes a crystalline solid which neither colours blue litmus red, nor 
red litmus blue. The product of the reaction is said to be neutral, and 
the process of neutralization consists in adding an acid to an alkali, or 
an alkali to an acid, until a neutral substance is obtained. The result of 
the reaction is called a salt. The salt contains the metal of the alkali, 
and the radicle of the acid. The litmus used to determine the point of 
neotralization is called an indicator. Several other indicators besides 
litmus are available ; e,g, phenolphthalein furnishes a pink coloration 
with alkaline solutions, and is colourless with acids and neutral solutions ; 
methyl orange is yellow with alkalies ; pink with acid and orange with 
neutral solutions. It will be observed that the determination of the 
neutral point is here referred drhitrarily to the behaviour of litmus 
because the mode of anungemeiit of substances into classes acidic, all^aline, 
and neutral substances depends on the indicator used. Salts of the heavy 
metals — alum, ferric^ chloride,- hhd ferrous sulphate — are usually acid to 
both htmus and phenolphthaiein, and: neutral to methyl orange; borax, 
sodiirm or ]3otassiinn hydrocarbonate,, and sodium citrate are alkaline to 


OXYGEH' 


171 


iitnms and Bietliyl orange, but neutral to pbenolpliibaieiii ; while sodium 
pliuspkato is neutral to litmus and phenoiphthaiein, a-nd aikaliiie to Bictiiyl 
orange. When phosphoric acid is titrated with sodium Indioxide "it 
appears to be a monobasic acid if inethyi orange be used as indicator; 
and as a. dibasic acid with litmus or phenolphthalein as indicator. Again, 
boric acid does not aiiect methyl orange, but it changes botii iilimis and 
pheiiolphthalein ; and an aqueous^- solution, of potassium siiipliite is neutral 
to phenolpMhalein, and turns violet litmus blue. 

Richter’s , work.— The above experiment coupled with numerous 
others with different acids and bases have proved that acids and alkalies 
unite to form salts in constant proportions Many of the early chemists 
— G. Homberg (1699), A. L. Lavoisier (1782), H. Cavendish (1788), T. 
Bergman (1785), C. F. Wenzel (1777), etc. — had a more or less clear idea 
that a definite ^veight of a base neutralized a definite amount of a given 
acid: but J. B. Richter, in an important study of this subject between 
t 1791 and 1802, demonstrated conclusively that the weights of the various 

acids which neutralize a certain, fixed weight of one of the bases are the 
same for certain fixed weights of ail the bases ; and the same numbers 
hold good for the neutralization of the acids by the bases. This is Richter’s 
law of proportionality. Consequently it is possible to assign equi^'alent 
numbers to the acids and bases. For instance, using modern data and 
terms ; 

Acids. Bases, 

Equivalent Equivalent 

weight, weight. 

Hyclrofiuoric acid . . . 20*01 Ammonium hydroxide . . 35*05 

Hydrochloric acid . . . 36*47 Calcium hydroxide . . , 37*06 

Sulphuric acid .... 49*04 Sodium hydroxide . . . 40*01 

Nitric acid ..... 63*02 Potassium hydroxide , . . 56*00 

A table analogous with this, but with less accurate data, was calculated 
in 1802 by G. E. Fischer from J. B. Richter’s data, and this was the first 
table of equivalent weights published. The weights of the acids in one 
. column represent the amounts required to neutralize the quantity of any 

I of the bases indicated in the other column : and conversely, the weights 

of the bases in the second column represent the amounts required to 
neutralize the quantity of any one of the acids indicated in the first column. 
Thus 66 grams of potassium hydroxide will neutralize 20'01 grams of 
hydrofluoric acid, 36*47 grams of hydrochloric acid, 49*04 grams of sul- 
phuric acid, 63*02 grams of nitric acid, etc., and 63*02 grams of nitric 
acid will neutralize 35*05 grams of ammonium hydroxide, 37*06 grams of 
calcium hydroxide, etc. Richter mixed up much valuable work with 
several fantastic hypotheses, and he also cooked ” some of Ms results 
so that they represent what he thinks he ought to have obtamcKl rather 
than wLat he actually observed. Such a procedure is quite antagonistic 
to the “ spirit of science,” and made chemists reasonably sceptical 
about the accuracy of the wiiole of Richter’s work. It w^as thought, 
^ WTongly as it happens, falsus in mo, faUus in omnibus (false in one, false 

ii.i all). Consequently l^chter’s generalijBaMbn did not attract' the attention 
it deserved. /•' • ' 

■It follows as a corollary from' EichteFs’law that when two neutral 
salt solutions mutually' decompose -.one- another, the newly formed 
products are also neutrM, because ’.the: amount of base neutraiiwd % a' 
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ceiiaio. weight of one acid is also neutralized by an equi’i'alent weight of 
anot her acid. It also foilow^s from Richter’s law' that if one metal is pre- 
cipitated by anotiicr metal from a neutral saitj the neutralit}^ is maintained. 
Richter’s generalization has been styled ‘‘ the law^ of pi’oportionalityj” 
tiie law of equivalent ratios,” etc., and it is obviously a special case of 
the ia’^v of reciprocal proportions of p. 42 recognized a fe^v years later. 

Neutralization versus hydrolysis.— The process of neutralization of a 
basic hydroxide by an acid is attended by the formation of a salt and water. 
We. shall find later that some salts— zinc sulphate, sodium carbonate, 
potassium cyanide, etc. — are partially decomposed — i,e, hydrolyzed — 
v'atcr into acid and base. The action of water on such a salt, or of an 
acid on such a base is thus an example of an opposing reaction ; hydi’olysis 
is opposed to neutralization : 


H2SO.J + Zn(0H)3:? 
Neat ralization-^ 


^ZnSO, + 2H2O 

Hydrolysis • 


In some cases, however, the amount of hydrolysis is inappreciable, and 
the process of neutralization is so complete that it can be employed for 
measuring the quantity of acid or base in a given solution. Here is a ease 
wdiere the infiuence of the solvent w^ater is of prime importance. . 

Acidimetry and alkalimetry. — A standard solution containing a 
known amount of acid or base per litre is prepared, and just sufficient of 
tins solution is added to neutralize a solution of a given base or acid. 
The volume of the standard solution required for the purpose is noted. 
It is possible to calculate the amount of “ chemically pure ” substances 
present in the given solution from the volume of the standard solution 
required for the neutralization. A standard solution containing one 
equivalent weight of the acid or base in grams per litre is called a normal 
solution, wTitten “ N-soiution,” and a solution containing one-tenth 
the concentration of a normal solution is called a decinormal solution, 
written N-solution.” The equivalent weight of a base is that 
quantity which just completely neutralizes one molecular weight of a 
monobasic acid ; and the equivalent weight of an acid is that quantity 
which contains unit weight of replaceable hydrogen. Thus S6*47 grams 
of HCi per litre gives a normal solution of hydrochloric acid; and 49*04 
grams of HgB 04 per litre gives a normal solution of sulphuric acid. 
Here the molecular weight of the acid is 98*08, and the acid is dibasic, 
for it contains two replaceable hydrogen atoms ; and by definition ; 

TT, . , , j, . , Molecular weight of acid 

Eqmvaient of acid =; — — 

Basicity of acid 

that is, the equivalent of sulphuric acid is 98*08 -f 2 = 49*04. A normal 
solution of sodium hydroxide contains 40 grams of NaOH per litre, and a 
litre of a normal solution of any acid so far considered W'ili Just neutralize 
a litre of a normal solution of any base. 

T3xAM.pr,.n. — Suppose that a 60 e.e, burette be charged with a normal solution 
of sodium liydroxide, and suppose that the amount of HCI in 600 e.e. of a dilute 
solution of hydrochloric acid be in qnestion---“aoidiinetry — pipette 60 c.c, of the 
acid into a beoker and add a few drops of litmus. The alkali solution is run 
from the burette into the acid in the beaker until the addition of but one more 
drop of alkali is needed to change the red litmus to blue. Suppose that 4.2 c.c. of 
the normal sodium hydroxide has been xwt from the burette. The argument runs : 
The neutralization NaOH -f HCI sw NaOl -f- H gO shows that 40 grams of sodium 
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hydroxide corresponds with' 36*47 grams- of HCi .and 100-0 c.e. of NaOH, has 40 
grams ol sodium hydroxide, wdiich is equivalent to 36*47 grams of HGL Conse- 
quently 42 c.c. of the standard sodium hydroxide solution is equi’i.-alent to 1*53 
grams of HCI per 50 c,e, ol the given acid or 16*3 grams of _HC1 are present in 
500 c.c. of the given acid. 

Siiiiilar . remarks apply to the 'determination of alkalies — ailiaiiinetry— 

standard solutions of the acids. This process of analysis is called 
'Volumetric analysis in contradistinction to gravimetric ■ analysis t which 
involyes several weighings during each determination. In volumetric 
analysis, the substance taken for analysis is either weighed or measured, 
and the preparation of the stock of standard solution may involve one or 
two weighings ; the stock of standard solution may last a great number of 
.analyses. Experimental details are discussed in -laboratory text-books. 

§ 11 . Bases. 

We maintain that hydrogen is an essential constituent of all acids and 
•alkalies.^ — J.T. Cooke, 

A base—Greek ^dms (basis), a base — is a substance which reacts with 
an acid to produce a salt and water'. For instance, zinc oxide reacts 
with sulphuric acid to produce zinc sulphate and water : ZnO H- H2SO4 
= HgO -j- ZnSO^. Sodium hydroxide reacts with sulphuric acid to pro- 
duce sodium sulphate and water : 2 NaOH + H2SO4 = 2H2O -f Na2S04. 
The bases include the oxides and the hydroxides of the metals, and certain 
groups of elements equivalent to a metal. For convenience, certain 
groups of elements like ammonia — NHg, hydroxylamine— NH2OH, 
hydrogen phosphide— -PHg, etc., are called bases, although they form salts 
by direct addition or combination without the separation of water. Thus 
ammonia and hydrogen chloride form ammonia chloride : NH3 + HCi 
= NH4CL 

The definition of a base indicated above is highly unsatisfactory because 
it involves the definition of an acid, and we have just acknowledged that 
a satisfactory definition of an acid is not yet possible. Hence our defini- 
tion of a base defines the unknown in terms of the unknown — ignoium 
2)er ignotius. 

The term base was originally intended to expreSvS the ideal that the 
metal or metal oxide was the more important constituent, the foundation 
or base, so to speak, of a salt. This idea was dropped when it w'as 
recognized that the acidic constituent of a salt is just as important as 
the basic constituent. The idea persists in chemistry text-books when 
the salts are described under the basic element when usually they can be 
more concisely described with the acid component. However, I know 
of no book uniformly consistent in this respect. 

Alkali ” and “ base ” are not synonymous terms. Every alkali is a 
base, but every base is not an alkali. The alkaline oxides form very 
soluble hydroxides with marked basic properties. . The oxides of the 
alkaline earths form sparingly soluble hydroxides with less marked basic 
properties. The other oxides, as a rule, do not react directly with water, 
and the hydroxides are made indirectly. An oxide cannot be classed 
as acidic or basic unless it can be shown to produce corresponding 
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Per63Eides.~~We have seen- how 'barmm oxide, BaO—barimii bivalent— 
.when. ■|ieatecl..iiiid.er certain conditionsibrnis bariiiiii peroxide— BaO 2. The 
peroxides contain a higher proportion of oxygen than the norma! oxides. 
Barium oxide with sulphuric acid forms barium sulphate' and water : 
.BaO. 4 - M2SO4.™ BaSO^ +, HgO. It is therefore a base. , Barium,. per- 
(jxide forms barium sulphate, water, and oxygen with sulphuric acid : 
2Ba03 -t 2H2SO4 = 2BaS:04- + 2H2O + 0^. .. Ba(S04)2, BaSO^, corre- 
spo.iids with barium peroxide^ . Hence, .barium.' peroxide._ is not a basic 
oxide. In idew of barium persulphate, Ba(S04)2, barium peroxide becomes, 
by d.e.fiGitioii, a basic oxide. 

. . .Amphoteric oxides,— Lead dio.xide or .peroxide, PbO'2 — lead quadri- 
valent— is a basic oxide because it forms the corresponding salt— PbC!4. 
But PbOa also forms salts — plumbates— with bases, e.gr. potassium 
plum bat a, 0 — Pb = (OKlg- Hence, a substance may be both acidic 
and l>asic according to circumstances. Aluminium hydroxide — aluminium 
tervaieiit — is a base, because, when treated with an acid, it forms a salt- 
aluminium chloride, AICI3 — and water: 

A1{0H)3 + 3HCi = AlGlg + 3H2O 

But aluminium hydroxide when treated with a base, say, sodium 
hydroxide, also forms a salt — sodium aluminate, Al{0^a )^ — and water : 

A1{0H)3 4- 3HaOH = Al(0Na)3 + SHgO 

Hence aluminium hydroxide acts towards an acid like a base, and towards 
a base like an acid. Such oxides can be called intermediate oxides, 
or amphoteric oxides— from the Greek ajj,4>6r€pos (amphoteros), both. 
Zinc oxide is an intermediate oxide. StaJinic oxide, 0 = Sil = 0 — ^tin 
quadiivalent— forms stannic sulphate, SO4 ™ Sn = SO4, and also sodium 
staimate, 0 = Sn = (ONalg » hence, stannic oxide is also an intermediate 
^oxMe... '' 

Basic salts. — On comparing the graphic formulse. of the liydimides of 
sodium (univalent), lead (bivalent), and bismuth (tervalent) 




Uiiiacidic base. 


Biaeidic base 


yOH 
Bif OH 

Teracidic base. 


with the graphic formula for mono-, di-, and tri-basic acids we naturally 
inquire if the OH or hydroxyl group can be replaced by acid radicles one 
by oue so as to furnish uni-, hi-,, and ter-acidic bases. In the particular 
exarnuies just selected, the salts : 


Basic lead nitmto. 


Normal lead nitrate. 


are knowm. The former is called basic lead nitrate, the latter norma 
lead nitrate, or simply lead nitrate. Similarly, Bi(6H)2N03, basic bis- 
muth nitrate, is known. Ijhe .basic salts are usually, not always, tes 
soluble in water than the corresponding normal salts. 
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§ ' 12 . Hydroxides and Anhydrides. 

Adds and alkalies are eompotmds .having the same geriera! nioleeular 
structure and the differences between acids and alkalies, and wr mi,e1rc ttdd, 
the dirierences between individual acids and individual alkalies depend on. 
the nature of the radicles.'— -J. P. Cooke. 

We have >seeii that sulphur dioxide and phosphorus pentoxide form acid,s 
witl'i water : 

SOa + H 2 O = .HaSOg ; and PaOs +' 2HPOa 

Siilplnir Siilphuroiis Phosphorus l^^iiosphoric 

dioxide.,, ,',aeid. pent-oxide. acid. ' 

The water in :tliese compounds has completely lost its identity., and it 
is generally supposed to produce a new class of bodies called hydroxides. 
Every element, excepting fluorine and the argon family, appears to form 
one or more lij^droxides, dkectly or indirectly. The oxides from which 
the acids are produced do not contain the elements of water. They are 
called anhydrides, or “ acid anhyckides ” — from the Greek a, v'ithout ; vBoip 
(hydor), water. Thus SOg is not only called sulpliur dioxide, but also 
sulphurous anhydride; and PgOg is not onty phosphorus j>ejitoxide, but 
phosphoric anhydride. An anhydride can be regarded as the residue left 
when the eieiiients of water are removed from the ox}'acids. Thus sul- 
phuric acid, leas water, gives sulphuric anhydride, SOg, also called sulphur 
trioxide ; sulphurous acid, less water, gives sulphurous anhydride, vSOa. 
It is generally supposed that sulphurous anhydride in. combining with 
water forms a compound containing quadrivalent sulphur and two univa- 
lent hydroxjd, OH, groups, that is, SO(OH)2. The reaction is symbolized s 

0 =:S== 0 -rH>— OH 0 = (sulphurous acid) 

and sulphuric acid is considered to be a compound containing sexi valent 
sulphur and two hydroxyl groups., S02(0H)2. The I'eaetion is symbolized 1 

= 0 + H - OH 

This subject will be resumed later. 

Thus an anhydride with water forms an acid, and with a base it forms 
a salt : ZnO + 8O3 ZnS04 (zinc sulphate). — Sulphurous acid can also 
be regarded as sulphurous hydroxide, S0(6H)2; and phosphoric acid 
— phosphorus quiuque valent — as phosphoric hychoxide, 1 ? 0 ( 0 H.);>. The 
basicity of an acid is generally supposed to coiTespond with the number 
of liydroxyl groiq^s it contains. The hydrogen of the hydroxyl groups 
is supposed to be the “ displaceable hydrogen ” referred to in the definition 
of acids. Monobasic hypophosphorous acid, HaP02, is supposed to be 
HaPOiOH); or 

\HO 

The basic oxides are sometimes called “basic anhydrides/^ and they 
too form hydroxides with w^ater, e,g* calcium oxide, CaO — calcium bi^’alent 
—with water forms calcium hydroxide, Ca(OH)«|> : , 
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Erom tiMs point of ,Yiew water 'can be regarded as liydrogen hydroxide^ 
:H — OH, analogous with K ~ OH, pota.ssiiim hydroxide, 'and Na — OH, 

, .sodium hydroxide., ,Excludi.iig 'certain carbon, compounds, the hydroxides 
of .the non- metallic elements are usually acids, and the . hydroxides of the 
metals are, usually bases.- The term, “ hydroxide ’’ is generally reserved .for 
compouiKis of the basic oxides with water ; and the term .‘'anhydride” 
is usually reserved for the acid anhydrides. 

Questions. 

I. Oxygen is to be obtained from mercuric oxide, or manganese dioxide, or 
potassium chlorate. What is the cheapest method of making oxygen per litre, 
BO far as raw materials are concerned, if 1 00 grams of mercuric oxide costs 9d ; 
I kilo of manganese dioxide, XOd. ; and 1 kilo of potassium chlorate coats Is. 3d. 2 

3. What is the meaning of the term “ normal salt ” ? Why is the word 
“ neutral ” no longer used to designate these salts ? 

S. Wliat volume in litres of oxygen measured at 730 inm. and 10® can be 
obtained from one kilogram of pyrolusite containing 80 per cent, of manganese 
peroxide ? — Edinburgh Univ. 

4. Tiie atomic weight of carbon was formerly assumed to be 6, and of oxygen 
8. State the grounds upon which these atomic weights have been doubled. — 
Board of Educ* 

5. How* do the acid -forming oxides (anhydrides) differ from the basic oxides ? 
What is usually tho effect of bringing together solutions of these two classes of 
oxides 1 — G. H. Bailey.. 

t$. Give examples showing that the same oxide may at one time function 
as the acidic constituent of a salt and at another time as the basic constituent. — 
Q. H. Bailey. 

7. Explain what is meant by a “ catalytic agent,’’ taking as illustration the 
preparation of oxygen from potassium chlorate and manganese dioxide. — Cape 
Unio, 

S. What do you understand by the term a salt”? Give examples of 
noxmiai, acid, and basic salts. — London Univ. 

<). Define the following terms, giving examples in each case ; acid, base, acid 
oxide, basic oxide, basicity, normal salt, acid salt, basic Sydney Univ, 

10. There are reasons to believe that the equations : 2 KCi 03 “»IvCl -P 
KCiO.j -f- Oj, and KClO^-^KCi -f 20 j, do not actually ' represent the decomposi- 
tion of potassium chlorate when heated. Describe the experiments you would 
make in order to test the validity of the equation. — New Zealand Univ, 

II. The atomic weight of a metal M is 56, An oxide of this metal is found 
to consist of 53*8 per cent, of metal, and 46*2’ per cent, of oxygen. Calculate the 
formula of the oxide. — London Univ, 

12. A mixture of 5 vols. of hydrogen and 3 vols. of oxygen is exploded by an 
electric spark ; will any gas remain ? If so, how much, and how would you 
ascertain what it is 1 Suppose a mixture of 3 \*ols. of hydrogen and 5 vols. of 
oxygen had been used, what difference in the results would that have made 2 

13. Explain the following terms ; oxide, hydroxide, and hydrate. Give 
examples of each. What do you understand by a peroxide and a suboxide 2 — 
Science and Ar£ Dept. 

14. Give the atomicity (valency) of each element in the following compounds ; 
HGl, HfljOg, NHg, CO 2 , SOg, and SHg. — Science and Art Dept. 

15. How much ijotassium chlorate must be heated to yield as much oxygen as 
would be obtainable from 500 grms. of mercuric oxide {K = 39, Cl = 35*5,0 ™ 16, 
Hg 200) 2 — Board jof Educ, When two or more reactions follow in succession, 
or when two reactions are under comparison, it is not usually necessary to make 
a separate calculation for each reaction. Thus, since KClOg-^KCl -f SO, and 
3HgO-^3Hg h 30, it follows that 3HgO gives the same amount of oxygen as 
KClOg. Ansr. 94*5 grms. 

16. Why was oxygen so called ? What objections can be urged against the 
name 2 — London Univ, 

17. It is sometimes said that chemically a metal can be defined as an element 
capable of forming a base by union with oxygen. Discuss this definition. 



CHAPTER IX 


Water 


^ Molecular weight (vapour), HgO — 18*016 ; (liquid) (H20)n = «18*016. Melting 
point, 0® at atmospheric pressure; boiling point, 100® at atmospheric pressure ; 
critical temperature, 4-358®, Specific gravity of ice at 0®, 0*0167; and of water 
at 0®, 0*99987, One litre of steam at 100® and normal pressure weighs 0*590 gram. 


§ 1. Water — Occurrence and Purification. 

I am the daughter of the Earth and Water, 

And the nursling of the Sky : 

I pass through the pores of the ocean and shores ; 

I change, but I cannot die. — The Cloud, ; 

# 

Occurrence.— "It has been estimated that three-fourths of the surface 
materials on the crust of the earth is water. Animals and plants contain 
a large proportion of combined water — e,g, fish contains the equivalent 
of about 80 per cent. ; beef, 60-62 per cent, ; the human body, 70 per cent. ; 
aquatic plants between 95 and 99 per cent. ; and ordinary land plants, 
50-75 per cent. A great many rocks contain w'ater — combined and 
absorbed. Clay, for example, contains up to 14 per cent, of combined 
water. 

The circulation of water in nature— the water cycle. — Water 
is widely distributed in its three states of aggregation — steam or aqueous 
•vapour, liquid water, and solid ice and snow. All the water on the earth 
passes through a remarkable cycle of changes. The heat of the sun leads 
to the evaporation of water from the seas, etc. ; water vapour is only 
0*62 times as heavy as an equal volume of air, and consequently it rises 
into the upper regions of the atmosphere, as Avell as diffuses into and mixes 
with atmospheric air. The temperature of the ascending vapour gradually 
decreases, and consequently a plane must be reached where the air is 
saturated with moisture. The vapoui* will then condense in the form of 
fine drops of water — mist or clouds. The fine drops coalesce into larger 
drops. Ultimately, the condensed water must descend again to the earth 
as rain, snow, or hail. The wind distributes the vapour. The heat 
given up during the condensation of the vapour is distributed or carried 
from the hotter regions — ^^vhere evaporation is fastest — ^to the colder 
regions — ^where the vapour is condensed — ^thus helping to stretch ” the 
temperate regions nearer to the poles. The water which is sprayed, as 
rain, etc,, on the surface of the globe, does a certain amount of physical 
and chemical work. On the chemical side, water helps in the decomposi- 
tion and weathering of rocks; and on the physical side, it transports 

377 - , , 
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ma-tter in suspension from the. .higher, to the lower levels. The soluble 
Ilia ttoTS III tiimtely; collect in the -.seas. 

Thus the irater cycle involves : (1) evaporation from the oceans, seas, 
lakes, etc. ; (2) coiideiisatiOii' in the' upper regions of the atmospliere as a ^ 
tine mist of distilled water where it collects as clouds ; (3) fiuther condensa- 
tion is followed by rain ; (4) the rain-water percolates through the soil and 
collects on an impervious bed of rock to be again forced to the surface, as 
spring water, by the pressure of the superincumbent layers ; and (5) this 
is eoLleeted by*” the streams and rivers. The rivers return whence they 
came— -to the'sea, and commence anew the never-ending cycle. ..It must 
be added that a relatively small proportion of the water which finds its 
ivay into the ground falls out of the cycle since it is fixed by reaction with 
certain silicates and rocks forming hydrated silicates, hydrated alumino 
silicates. 

Rain-water.— “No water,'-’ ■ said T. Bergman, “ is • ever found on , .the , 
surface of the earth in a state of purity." Bain, in its journey through the . ^ 

air, dissolves oxygen, carbon dioxide, and nitrogen, as well as ammonia and 
ammonium nitrate. It also carries down dust — organic and inorganic. 

Rain water, particularly’ if collected near the sea in high wnds, contains 
sodium chloride ; and if collected near towns, sulphur compounds — sulphur 
dioxide and sulphuric acid— derived from the products of combustion of 
coal When evaporated to dryness, 10,000 parts by weight of rain-water 
will give about 0*34 part of solid matter, most of this consisting of sodium 
chloride and organic matter. Bain- water contains in solution about 
0*013 per cent, of dissolved nitrogen, 0*0064 per cent, oxygen, and 0*0013 
per cent, carbon dioxide. The rain which fails at the end of a shower is 
more pure than that which fails at the beginning, because the atmosphere 
m %vashed,, so to speak, during the earlier part of the showier. 

Spring and mineral water. — ^Directly the rain-water strikes the ground, 
it begins to attack and dissolve various rocks, decaying organic tissue 
( humic compounds), etc., forming and ground loater. It is estimated i 

that betTreen 25 and 40 per cent, of the rainfall, in temperate regions, soaks | 

into the ground. In its journey underground — mtdergromid water — ^ 

the percolating water loses most of its organic matter and dissolves more 
or less mineral matters — compounds of calcium, magnesium, and sodium i 
— and also dissolves carbon dioxide, etc. The greater the depth to winch I 

the Avater sinks the greater the amount of soHd matter it can dissolve. | 

Water under groat pressure is a pow'erfui solvent. Sooner or later the ' 
water ^viiich has x^^J^colated underground will be forced to the surface as 
spring water. If the spring water holds an unusual amount of some 
particular constituent in solution W’hich gives it a marked taste, or some s 

specific property, the term mineral water is applied. Mineral -waters do j 

not necessarily contain a large excess of mineral matters in solution. The i 

water from mineral springs is often named according to some special I 

constituent dissolved in the water, or from the locality of the spring. 

“ Bresh. water " is a vague tei*m applied to a natural water which does not ^ 

contain much dissolved impurity. ' ' I 

■ 

Chalybeate waters contain ferroxis carbonate — e.g. Tunbridge; Buxton; 
Excelsior Spring/’ Saratoga, N.T. ; “ Hot Springs ” of Arkansas ; Homfoerg; i 

Sulphur tvatcrs contain hydrogen sulphide and other sulphur cornpoimds, i 

aUialmo sulphides, Baden; Harrogate ; Bath; Aachen; “Red Sulphur 
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Spring,” SJiaron, N.Y. ; etc. The water of the ■ Steamboat Springs in Yeracia 
lisis borates and deposits a. sinter containing arsenic,, antimony, mercury. lead and 
copper sulphides, as well as traces of .gold and silver. Saline waters contain s.-dts 
ofVarious kinds, for instance, magnesium sulphate and chloride whicli give the 
water a bitter taste — e.g, Bath ; Epsom ; Seidlitz. ; EriedriehshaH ; * Ofen ; 
Ohcltenhani ; etc. Sodium mlphate and sodium carbonate — eg/, llarienbad ; 
Carlsbad; etc. Carbon dioxide {acid reactio7i)—:C.g. ApoIIinaris (imitations of 
this and other mineral -waters are made artificially; the natural water is l>oiiled 
and exported). Carborh dioxide with sodium carbonate {alkaline reaction)’— -e.g, 
Vichy ; hTeuenalir ; etc. Carbon dioxide with sodium carhovatc and sodium 
chloride— e^g, Ems ; Nieder'Seiters ; .etc. Sodium> and other chlorides — e.g, 
Homburg ; . Aachen ;■ Baden-Baden ‘‘ Congress .Spring,” Saratoga, N.Y. ; etc. 
Iodine and bromme eompomtds—e,g. “ Congress Spring,” and “ Excelsior Spring,” 
Saratoga, N.y. ; Woodhal! Spa ; etc. Arsenic— e,g, B-oncogno ; Levico ; etc* 
Lit'hia — c.g. “ Congress Spidng,”. Saratoga, 'N.Y. ;' etc. Boric acid — qw. Silica — 
qm.: Hard waters are described under “ carbonates.” The waters of some springs, 
particularly in volcanic districts, issue at an elevated temperature, lienee the term 
thermal waters — €,g. “ Hot Springs,” New Zealand, {about d0°) ; Teplitz j 

Vichy (32°) ; San Bernadine, California (40°--78°) ; etc. 

River water.— “Spring \vater collects in rivers and streams. It has 
been estimated that the rivers of the world discharge some 6524 culdc 
miles of water into the ocean per annum. Rivers contain not only the 
solid matter furnished by spring waters, but also organic matter derived 
from plants growing on the sides and bottom of the river, and also from 
the drainage of villages and towns through which the river passes. The 
river, in virtue of its greater volume and force, carries along a consider- 
able amount of suspended solids. River water also contains in solution 
matter from the country which it drains. Thus the water of the Dee 
(Scotland), di’aiiiing slate and sandstone rocks, contains about 0*0056 per 
cent, of solid matter, about one- fourth of this being calcium salts ; the 
Thames, draining chalk rocks, contains about 0*03 per cent, of solid matter, 
two-thirds of whicli is calcium salts. 

Sea-water. — Just as spring w^ater flows into the rivers, the rivers how 
into the sea carrying their dissolved salts, and suspended matters which 
have not been deposited in transit. The vapour which rises from the sea 
by evaporation is almost pure water ; hence, unless the dissolved matters 
are continuously removed, sea-water must be gradually^ getting more 
and more ‘'salty.” Sea-water contains a relatively large proport/ioii 
of soluble salts ^ — ^ahoiit 3*5 per cent, of solids in solution. Where the 
evaporation is greatest we naturally expect to find the greatest ]>ro- 
portion of salts in solution. Thus the Mediterranean contains about 
3'4 per cent, of solids in solution ; whereas the Baltic, with its numerous 
tributaries, and less evaporation, contains between 0*3 and 0*8 per cent, 
of solids in solution. Salts accumulate in land-locked seas and lakes much 
faster than in the sea. In illustration, the Dead Sea contains 22*8 per 
cent, of solids in solution ; the Great Salt Lake (Utah), 23 per cent. ; and 
the Elton Lake (Russia), 27 per cent. These masses of water behave as 
if they were exposed in a large evaporating basin, for the salts accumuiato 
in the water and are deposited in crystalline masses on the shores of the 
lakes as the ivater evaporates, 

^ For instance, an average type contains about 06*5 per cent, of water ; 2*7 
per cent, of sodium salts ; 0*07 per cent, of potassium salts ; 0*14 per cent, of 
calcium salts ; 0*59 per cent, of magnesium Salts^ as well as dissolved gases ; 
0*012 per cent, of nitrogen ; 0*006 per ceutv of, oxygen J. and 0*017 per cent, of 
carbon dioxide. ■ i ' . - ‘ 
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Potable and drinking; water. — Potable water, that is. water which is 
fit for human consumption, is obtained principally from rivers and lakes, 
and also from wells — artesian and otliermse. The inorganic or mineral 
matters usually found in solution in natural water are not directly injurious 
to health. The purification of water for towns and cities is a very 
important practical problem for the chemist. The best solution can only 
follow after a careful study of the local conditions. Water should be 
free from pathogenic (disease-producing) bacteria, and from suspended 
impurities. This is generally done by filtration through large filter beds 
made from laj- ers of sand and gi-avel, extending in some cases over an acre 
of ground. A Pasteur-Chamberiaiif s bougie (candle), made of unglazecl 
and porous earthenware, and shaped like a hollow candle, is arranged to be 
screwed on to the water tap, Fig. 52. The water is forced through the 
eartlienware by the pressure of the main. Bacteria, organic matter, etc., 
collect on the inside of tlie bougie as a slimy layer which clogs the filter. 
The bougie. Fig. 52, must be frequently cleaned or replaced (1) to permit 



the free passage of water ; and (2) to remove the layer of slimy organic 
matter w'hicli serves as a medium for the gi-owth of bacteria. In some 
cases the bacteria are killed by the addition of minute traces of an oxidizer 
— ozone, sodium hypochlorite, copper sulphate, etc. The salt last named 
also prevents the growth of green algse which are sometimes very 
troublesome. 

To maintain the purity of the water supply up to the proper standard, 
it is necessary to make (i) a periodical critical examination of the source 
from which the water is obtained ; (2) regular bacteriological examinations 
for jjatliogenic germs; and (3) chemical examinations for nitrogenous 
organic matter — albiimenoids, etc. — upon which bacteria feed, and for the 
products of bacterial life — free ammonia, ammonium nitrate and nitrite. 
The presence of these substances in -water throws it under suspicion. 

The distillation of water. — ^Water is purified on a small scale by dis- 
tillation. The water is boiled in a flask or boiler, and the steam is con- 
densed back to the liquid condition by passage through a tube about which 
a continual stream of cold water flows. To economize space, the con- 
densing tube is generalty coiled as a spiral — called “ the -vt^orm ” — and kept 
in a tank through which cold water continually flows. Fig. 53 represents 
the form used by T. W. Richards in some atomic weight determinations. 
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It is a modification of that, sometimes employed' in* the laboratory for 
distilling small, quantities of liquid. The puiq^ose of EieliaiTTs scheme is to 
prevent the steam coming in contact with rubber or cork' stoppers, etc.— 
nothing but glass. In place of the “ ground joint ” a one-hole rubber or 
cork, stopper and glass tube are often used ; ■ and in, place of the adapter,” 
..the, receiver is tilted so that the condenser tube dips into the neck of the 
flask. ,A small, amount of volatile organic matter is usually carried over 
with the first' rush of steam, and soluble matters derived from the glass in«ay 
, be,. found in the distillate. .By adding, a little potassium permanganate 
in alkaline solution to the w^ater to be distilled, and rejecting the first 
portions carried, over, fairly pure water can be obtained — particularly ,if 
the final product be redistilled in a platinum or gold .vessel , Block- tin 
condensers are better, than glass, since the ..water acts, very 'much more 
vigorously on glass than it does on tin. Distilled water which has been 
kept some time in a glass bottle cannot be used satisfactorily in the 
analysis of silicates, because it contaminates the silicate undergoing analysis 
with some of the constituents to be determined. 


§ 2. Some Properties of Water. 

Water is absolutely indispensable to both animal and vegetable life ; it is 
the cause of many of the most striking phenomena in nature j and it is 
employed for countless purposes by man. — P, F. Fbakkuand, 

At ordinary temperatures, pure water is a tasteless and odourless Mquid ; 
it is colourless in moderately thin layers, but appears greenish-blue when 
viewed in thick layers. According to J. Aitken, the blue colour of large 
bodies of water — e,g, in china clay settling pits, in tanks in w^hich water is 
being softened by the addition of milk of lime, etc. — is an optical effect 
due to the action of the fine particles suspended in the liquid on the light. 

Liquids are but slightly compressible. If 1000 c.c. of water be sub- 
jected to a pressure of t\vo atmospheres the volume will be reduced 0*05 c.c. 
According to P. G. Tait, this very small compressibility means that if sea- 
water were quite incompressible, the average level of the sea w’ould be 
raised 116 feet higher than it is to-day, and 4 per cent, of the present land 
surface would be submerged. 

Kon-metallic liquids are bad conductors of heat ; w-ater is one of the 
best of liquids for conducting heat (mercury excepted), but even then, 
the thermal conductivity is small. Witness, a piece of w^eighted ice at 
the bottom of a test-tube of cold water. If the test-tube be held obliquely, 
and heated by a Bunsen’s burner near the surface, the w^ater at the surface 
will boil, but the ice at the bottom wiU remain unmelted. 

Water boils at 100“ under 760 mm. pressure. The greater the pressure, 
the higher the boiling point ; and conversely, the less the pressure, ^ the 
lower the boiling point. These phenomena occur with liquids generally, 
and it is therefore necessary to state the pressure when giving the boiling 
point of a liquid. If no pressure is stated “ 760 mm,” is understood. Thus 
at Quito (9350 feet above sea-level), with the barometer at an average 
height, 525*4 mm. water boils at 90T“ ; and on the top of Mount Everest 
{29,002 feet), barometer at 255*3 mm., water would boil at 72“^ Steam 

^ Roughly about 0. per mm. for a few degrees above and below 100®* 
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or wa.ter vai)our is an invisible, colomfes gas' wliicli' condenses to a visible 
cloud of small particles wbeii it .eomes'in 'contact' witii tbe atmosphere. 
This is readily sliovvn by boiling' water in a. flask;' inside the flask, the 
vapour is invisible, and a ; cloud .of minute water . particies- condensed 
sfcea m-^appears wliere the steam comes in contact with the cold air.' 

Liquid water freezes, 'at O''"into crystalline ice. . Water' vapour freezes 
into hoar frost and snow% The crystals of ice . are extremely ' rare and 
difficult to measure. The crystals can often be seen. when, a piece of .ice 
is exaiiiliied with a lens while a. beam of bright light is passed through .it. 
Snow crystals are common. They appear in the form of an hexagonal {six- 
sided) iiuc-ieus or six-rayed . star with the rays developed in ' bewildering 
complexity. The or^'-stals are. of inimitable .delicacy and beauty, ',Ko 
two seem alike ; but all are fashioned after one definite type— the six-rayed 
star— each one 

Frail, but. a work divine, made so fairily well, 

>So exquisite minute a miracle of design. — -T ennysoiv. 

Eeiv indeed would question wiiat a writer has said: that if the chemist 
could w'hoiiy understand a drop of wuter he would know the origin and 

destiny of all things and hold the 
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Fig. 64.— Belations? between the Vohime 
and Temperature of Umter, 


ke}^ to every happening. Allow- 
ing a due amount of poetic 
licence, the same remark could 
be applied to a drop of any other 
liquid or to a grain of any solid. 
Ice appears to be colourless or 
white tvhen pure, but it is pale 
Line when '.seen . in. ylarge. '■mas.ses.: , , 

. ; .' .By: '.plotting , 'the,.'' volume' .of' a 
'''given ■' mass ■ of' • water 'at'''- diflereUt 
.temperatures, ' ,we, . get , ,a , curve 
similar to that illustrated in 
.Fig* 64., This /-curve, at, 'temp,e- . 
ratures . .. above' '. 'shows' . that. ,'- 
.water, ■ ilk.e most - ' li'quids, 'expands .. 
when heated and contracts when 
cooled dowui to 4® ; but ' the curve below 4® is abnormal. It shows 
that water expands when cooled below, and contracts when heated up 
to 4'^. If the S|)eciflc gravity of water at 4^ be taken as unity, it 
follows that water becomes si)eoificaliy lighter wdien the temperature 
is raised or lowered beyond tins point. The expansion of water when 
cooled from 4° to 0° is very small, but that minute quantity has a very 
important bearing in nature. When the water on the surface of, say, a 
lake is cooled, it contracts. The heavier cold water sinks, and the warm, 
water rises. ThivS circulation cools the temperature of the whole body of 
water down to 4^ ; any further cooling results in the formation of speci- 
fically lighter water. Accordingly, this remaiiis on the surface, and circu- 
lation ceases. Finally, as .a result of this remarkable and abnormal 
property, when the temperature of the atmosphere falls to 0*^, a surface 
film of ice is formed,^ ,Jf the ^ water did not expand in this way, m the 

**• “ Ground ico *’ or ** anchor ice is formed at the bottom of rapidly moving 
streams vvlwii the water is thoroughly mixed and does not settle ia layers. 
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■temperature fell to 0*^, tlie whole body, of water would freeze from helou' 
'Upwards and produce profound climatic chaiigeSj since the larger amount 
of ice formed i.ii winter would materially affect the temperatii 2>3 lor the rest 
of. the, year.. „ These remarks , do ; not apply to sea- water which eoiitracts 
as the temperature is lowered down to the freezing point. In act of 
freezing water expands so that 100 c.e.. of liquid water at 0'^ gives apjirosi- 
mately 110 c.e.. of ice a.t the. same 'temperature. The speeihe gravity of 
ice at 0 ° varies with its mode of formation from 0*9159 to 0 * 11182 ; the 
specific gravity of water. at 0°,.,'is 0'*999867. Accordingly, ice floats on the 
surface of water. The expansion of water during freezing is an important 
factor.. The expansion may .burst" the -intercellular tissue of plants by 
freezing -the' cell-sap ' the expansion may disrupt the fibres of flesh, so 
that frozen meat appears rather more “ pulpy ’’ than ordinary meat. If 
water freezes, in pipes, the expansion. of water in the act of freezing may 
burst the pipe, and water wall '‘leak” when the icc “ thaws " ; water 
freezing in the surface crevices of rocks splits and widens the fissures so 
that the surface crust of the rock appears to disintegrate during a " thaw.” 
The (Mbrts. coMeots as “ talus ” at the foot of the rocks, ready to be trans- 
ported by water to lower levels. Hence this simple force pk\s an 
important part in the w^eathering and decay of rocks, building stones, etc,, 
in eoiintries exposed to alternate frost and thaw* ; and J. Tyndall adds : 
“f The records of geology are mainly the history of the work of wat;er,” 

§ 3. The Molecular Structure of Water, 

Kot only in the matter of solutions, but in other moie strictly physical 
relations, it is a misfortune that the role of the typical liquid was assigned 
to water. — Gf. F, Stuadlinc (1901). 

Water is water — not a single substance in the proper aeceptation of the term, 
but a “ mush ” or mixture ; an entirely peculiar material not to foe repre-^ 
seated by any one formula, nor spoken of by a single name,—- 
H. E. Armstbong. 

Steam or water vapour. — The student so frequently* represents tvater 
by the forniiila H 2 O, that he soon believes that this symbol correctly 
represents the molecule of liquid water. As a matter cu fact, the molecule 
of water is probably much more complex. The vapour density of steam 
is rather too great for the molecular formula HgO, and much too small for 
H 4 O 2 . It is therefore assumed that steam contains a mixture of FHO 
with a few* H 4 O 2 molecules, and that the equilibrium condition for water 
vapour, Ii 40 o 2 H 2 O, corresponds with 91 per cent, of HjjO molecules 
ill the vicinity of 100 °. 

Liquid water. — In order to explain the very curious physical properties 
of liquid water, e.g. Fig. 54, it was assumed by W. Rontgen (1891) that 
'water is a mixture of two kinds of molecules which he called “ice 
molecules ” and “ vrater molecules.” The “ice molecules ” were supposed 
to form a mass more complex though less dense than “ ^vater molecules,” 
so that during the fusion of ice and the subsequent warming of the ice- 
cold water, the volume contracts as indicated in Fig. 54. Later investiga- 
tions have led to the ass-mnpiion that liquid water contains three kinds of 
molecules, which are formed by the association of, say, n simple molecules 
of HgO to form more complex molecules, There nxay^ be some 

difference of opinion as to the numencal valuer, of there is little room 
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foi’ doubt about tlie existence of complex molecules. The simplest assump- . 
tioiis are that n 2 , and 3 , so that the three kinds, of molecules are 
represented : H.-vO, which has been called hydfol, or steam .molecules ; 
H 4 O 2 ,, called dihydrol, at water- molecules ; . and called trihydrol, 

or ice molecules.'^ ''. Assuming these molecular w'eights are correct, it .is 
assumed that the peculiarities in the physical properties of water, and 
indeed also tlie chemical properties, can be explained in terms of the 
balanced reactions 


2 H«0. 


^ 3H.1O2 
Water mols. 


^ 6H2O 
Steam mols. 


20 
O 18 
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*0. 

^ 6 


Ice mols. 

An increase of temperature or pressure favours the- passage from left to 
right ; and a decrease of temperature or pressure, the passage from right 
.to left. 

Ice or solid water.— G, Tammann and P. W. Bridgihan, have studied 
the ed'ects of great pressures on the properties of ice, and deduced the 

existence of five distinct varie- 
ties : Ordinary ice, which crystal- 
lizes in the hexagonal system, 
and is called Ice I, or light ice, 
because it is lighter than water at 
ordinary temperatures. Ice III, 
or dense ice, is formed by sub- 
jecting ice to pressures exceeding 
2000 atmospheres, and it passes 
at once into ordinary “ Ice I ” if 
the pressure be reduced. The 
transformation of “ Ice III ” into 
“ Ice I ” can be delayed by re- 
dueiiig the temperature, so that 
samples can be examined in 
vessels at the temperature of 
liquid air, about — 180“* If 
dense ice be made by freezing 
water while under a pressure of 
about 3000 atmospheres, a variety 
of dense ice — called Ice 11 — is 
obtained wiiich is not the same as “ Ice III,” made by cornpressing ice 
itself to 3000 atmospheres. “ Ice III ” is stable below 83*4“ at 2220 atm. 
pressure, and below — 26“ at 3116 atm. pressure. A fifth variety. Ice V, 
has been prepared at — 17° under a pressure of 3420 atm. This passes 
into a sixth variety. Ice VI, at 6170 atm. pressure. Ice VI ea;ists only 
above 0 ° O'., and the effect of pressure on its melting point has been traced 
up to the comparatively high temperature 76*35° at 20,000 atm. pressure. 
The existence of another variety, Ice lY, announced by G. Tammann, was 

^ In an attempt to aceount for the propeHies of dilute solutions, H. E, Arm- 
strong (11)08) further assumed that some of these molecules have the same com- 
position, but a different structure '; ,, thus the dihydrol, molecule is assumed 

by Armstrong to exist in t%vo different forms r 

Dihydrone Hydronol 

But this is not the place to discuss the evidence adduced in favour of a belief in 
the real existence of these imaginary substances. 
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2 iofc:coiiiirined by P. W.. Bridgman. The results of .the latter are shown 
grapMoaliy in Pig. 55 ; , and the specifio gravities of the five, forms are 
0*92 for Ice I ; 1*03 for Ice II ; 1*04 for Ice III ; 1*06 for Ice ¥ ; and 
1-09 for Ice VI. • • 

•If these views about the constitution of steam, liquid water, and ice be 
valid, it' is hardly- correct to say, without some reservations, that the 
passage of ice to liquid water and to steam, and the converae changes, are 
purely physical changes. Confer §§ 2 and 3, Chapter II. 


§ 4. The Vapour-pressure of Water. Boiling. 

So long as a body retains its normal state of aggregation and properties, wc 
can observe an increase of temperatiire corresponding with an increase of 
molecular energy, but as soon as the destmction of 'form begins to take 
place, the incrriise of temperature no longer becomes sensible, and the 
energy is diverted to breaking up the structure of the body, and keeping 
its molecules apart. When this has been accomplished, and not till then, 
additional energy again produces additionai motion, and the substance 
gets hotter and hotter.^ — W. Andebson. 


Escapcng\ 
Molecules i 


Kinetic theory of evaporation.-— The molecules of a liquid are probably 
much closer together than is the ease with gases, and they are accordingly 
subjected to the action 
of comparatively 
powerful inter-molecu- 
iar forces. Diffusion 
also shows that the 
molecules of a liquid 
are in motion, but, in 
consequence of the 
great overcrowding, the 
number of collisions 
must be comparatively 
great. The molecules 
in the body of the 
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— Diagrammatic Representation of the 
Molecules just above the Surface of an Bvapo* 
rating Liquid. 

liquid are attracted by the other molecules equally in all directions, but at 
the surface, the molecule can only be attracted inwards. What will happen 
to a molecule, which, in the course of its wanderings, reaches the surface ? 
If its velocity be great enough, the molecule will rush upwards be^'ond 
the range of attraction of the other molecules in the liquid, and thus 
pass into the space above. On the other hand, if the velocity of the 
escaping molecule be not great enough to carry the molecule so far, the 
upward velocity of the molecule will become less and less, and finally 
the molecule will fall back and plunge into the liquid again. The case 
is somewhat analogous with the behaviour of a stone thrown into the 
air. If the stone were projected upwards with a sufficient velocity, say 
50,000 feet per second, it \^uid leave the earth never to return. Hence 
if the boundary surface of a liquid could be magnified sufficiently, and if 
the kinetic theory be correct, a cross-section above the surface of the liquid 
would present some such appearance as indicated in Fig., 56 (after 
A, D. Kisteen). The trajectories of the molecules are also shown in the 
diagram. Many of the molecules which leave, the surface of the water 
fall back again ; and those which leave an^ do not return reduce the volume 
of the liquid, and finally lead to the complete evaporation of the hquid* 
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ilai-sni*:;’ tlie temperature of the liquid accelerates the motions of the 
molecnries ami so hastens the process of evaporation. A draught of air 
across the surface also favours the passage of the molecules away from the 
aiinospliore above the evaporating liquid and reduces the chance of i.’eturn, 

' Cooling effect during evaporation. — A liquid becomes cooler during 
evaporation. In 1755 W. Cullen placed water under a bell-jar from which 
the air was rapicOy withdrawn, the evaporation tvas so rapid that the water 
was cooled until it froze ; similarly by placing some liquid sulphur dioxide 
and vrater in a red-hot crucible, the water has been fropn therein, being 
cooled I)y tlie rapid evaporation of the sulphur dioxide. The kinetic 
thoorv shows how this can occur. During evaporation, the fleetest 
molecules caji alone escape from the liquid, the more sluggish molecules 
cannot get beyond the range of attraction of tlie molecules remaining 
in the liquid. " The fleetest molecules have the greatest kinetic energy, 
find we have seen, p. 140, that the temperature of a mass of molecules 
is pi oportional to the average kinetic energy of the molecules. If, there- 
fore, the fastest molecules escape, the more sluggish molecules will remain 
behind, and the average velocity of the molecules of the liquid must be 
reduced. Hence a liquid which is evaporating is cooling rapidly. To 
illustrate tlie cooling effect of evaporation, a little ether is placed in a 
small !}eaker with a few* drops of water on the underside, the water will 
freeze if the ether be evaporated quickly by blowing a jet of air across the 
surface. Advantage is taken of this fact to solidify carbon dioxide by 
the rapid evaporation of liquid carbon dioxide , to solidify hydrogen by 
the rapid evaporation of Hquid hydrogen, etc. The principle is also 
utilized ill cold storage, etc. 

Heat of evaporation and fusxon.—A relatively large amount of energy 
is needed to transform a gram of water into steam. The thermal energy 
required has to accelerate the motion of the individual molecules (speoiffo 
heat) and at the same time to impart to the molecules sufficient momen- 
tum to tear them apart against molecular attraction (latent heat of 
yapomation). The amount of heat required to turn one gram of w^ater 
at 100^ into steam at 100"^ is 537 cals. ^ This is the latent heat of vaporiza- 
tion of ivater. The number means that steam at 100*^ has the equivalent of 
537 cals, of energy — ^internal or potential — more than liquid water at 100°, 
This energy is degraded as heat when steam at 100° is cooled to liquid water 
at 100°. Similar remarks might be applied to the melting of ice to liquid 
water ; and the freezing of liquid water into ice. In this case, one gram 
of ice at 0° in melting to liquid water at 0° requires about 80 cals. — this 
is the so-called latent heat of fusion. Similar relations hold for other 
substances. If secondary changes— decomposition during fusion — do 
not occur, ail substances exhibit characteristic latent heats of fusion and 
vaporization. la virtue of these facts, it follows that w*eiglit for w^eight a 
liquid contains a greater amount of energy than a solid, and a gas contains 
a greater amount than a liquid. In order to change a solid to a liquid, or 
a liquid into a gas, energy must be added to the substance, and for the 
converse changes, gas to liquid, or Hquid to solid, energy must be 
dm urn from a substance. ' The energy needed for the evaporation of natural 
waters is mainly derived front' the. “heat paid out by the sun.^’ 

cniorify by the^ w’Uy, js cl heat repivsented by the amount of heat 

required to raise the temperature of one gram of water one degree* 
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Vapour pressure— Suppose that a liquid is evaporating ni a chised 
vacuous space. The fleetest molecules cannot escape into lK)undicss space, 
and consequently they accumulate as a gas or vapour in tlic space ahovo 
the liquid^ The concentration of the vapour in the space above the 
liquid will go on increasing. The molecules of the vapour hke the 

molecules of an ortiiiiary gas, and consequently a certain percentage will 
plunge back Into the liquid. The number of molecules wiik'li retiini to 
the liquid from the space above per second of course increases as tlie eon- 
centration of the vapour increases, although the rate at which the inolc- 
eules leave the liquid probably decreases as the concentration of the 
vapour increases. When the number of molecules which return to the 
liquid in a given time is equal to the number of molecules which 
leave, the liquid in the same time, the vapour is said to be saturatedi 
and the system in equilibrium. With tlie notation previoirsiv used ; 

100 ° 

The equilibrium, it will be observed, is not a static coiidition, tliat is, a 
state of rest. Both processes are active (kinetic), not passive (static). 
There is a shower of molecules streaming into the liqtiid, and an efflux of 
molecules away from the liquid. The effect of one is neutralized by the 
other ; neither can produce any visible result. Anything which disturbs 
this equality — ejj. a desiccating agent or a condenser in the space above 
(as in distillation, p. 180), etc. — will alter the conditions. Experiment 
shows that at a given temperature the vapour pressure of a liquid 
in contact with its own liquid is a constant quantity, and indepen- 
dent of the absolute amount of vapour and of liquid present in the 
system. It is easy to see this. ^ 

If the surface of the liquid be 25 
doubled, it is true that twice as | 
many molecules will leave the | 
surface in a given time, but twice ^ 
as many molecules will return. 

The vapour pressure of water | 
at 0'^ is just equal to 4*60 mm. of ^ 
mercury. This means that if a 
little water be i ntr oduced i iito the 
Torricellian vacuum of a baro- ^ 
meter, at 0°, the mercury wdll. be 

dei)ressed from 760 mm. to 7oo*4 Fia. 57. — Vapour Pressure of 
mm. The higher the tempera- 
ture, the greater the vapour j>ressure, provided all the water is not vapor- 
ized ; but for any assigned temperature the vapour pressure of a given 
liquid always has one fixed and definite value. The efiect of temperature 
on the vapour x)ressure of water is indicated by the curve, Fig. 57, which 

^ The distmetion between “gas” and “vapour” is somewhat vague. If 
the “ elastic fluid ” be very far from its temperature of liquefaction, it is generally 
called a “ gag ” ; and “ vapour' ” if it is -near its temperature of liquefaction, 
E.g. oxygen, nitrogen, etc., at ordinary temperatures are gases ; %clu^reus water 
or alcohol on evaporation would furnish vapours, , . Otherwise expressed, a gas is 
an clastic fluid at a temperature- aho^e its critical temperature, and a vapour is an 
elastic fluid hdoio its critical temperature^ hut. notifta Hguid state. 
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shows incideBtally the effect: of; ':'mtroducmg; a thin layer, of .liquid water 
into the Torriceliian vacmmi ; the diagram shows the height of the 
barometer at different "temperatures. The vertical distances between 
the,” two dotted curves, .represent the ■ vapour ■ press'ure,s of water at, the 
corresponding temperatures. . . ■ ■ ' 

Boiling or ebullition;— As we have just seem raising the temperature' 
of an evaporating liquid increases the average speed of the molecules^ 
and favours rapid eyapdration. , When the temperature is high enough, 
the exposed surface of the liquid is not sufficient to allow the swift- 
moving molecules to escape fast enough, bubbles of vapour are accordingly 
formed -wifhiii the liquid. Each bubble as it forms rises to the surface— 
increasing in size as it rises — and ffnalh-^ escapes into the atmosphere. 
The pro< 5 ess oi vaporization by bubble formation is called boiling ; and the 
temperature at which boiling commences, the boiling point of the liquid. 
When the vapour pressure of the liquid is the same as tlie external pressure 
to which the liquid is subjected, the temperature does not usually rise any 
higher. Increasing the supply of heat increases the rate at which the 
bubbles are formed. Hence it is sometimes convenient to define : The 
boiling point of a liquid is the temperature at which the vapour 
pressure of the liquid is equal to the external pressure exerted at 
any point on the liquid surface. This external pressure may be exerted 
by the atmospheric air, hj vapour and air, by other gases, etc. Hence 
a table of the vapour pressures of a liquid at different temperatures also 
show's the boiling points of that liquid under different pressures. Thus 
water at a pressure of 4*6 mm. of mercury boils at 0®. Hence liquids 
which decompose at their boiling point under ordinary atmospheric pres- 
sure can frequently be distilled without decomposition at the lower boiling 
temperature obtained by reducing the pressure. Hydrogen peroxide can 
be cited in illustration. Hence the so-called process oi distillation under 
reduced pressure, or, as it is sometimes lesvS accurately styled, distillation 
in vacuo. The process is illustrated later, Fig. 86. 

It has been estimated that there are not less than 1,000000,000000,000000 
molecules per c.e. of air at ordinary temperature and pressure; when 
the pressure ot the air is reduced to 0*1 mm., there will still be about 
100, 000000, OOOOOOmolecules per c.c. ; at 0*01 mm. pressure, 10,000000,000000 
molecules per cc. Hence in the best of the so-called vacua obtained by 
the air pump there must be left an immense number of molecules. 

Measuring the volume of moist gases. — We have discussed evaporation 
in an evacuated space. In 1802 John Dalton showed that the mass of 
vapour required to saturate a given space at- a given temperature^ and con- 
sequently aUo the vapour presmre of a given Hqiiidj is the same whether ike 
vapour he by itself or associated tvitk other gases upon which it has no chemical 
actiem.. In other wnrds, the total pressure of a mixture of gas and vapour 
is the sum of the partial pressures of each constituent. Hence, added 
J, Dalton, the aerial atmosphere W'as at once annihilated, leaving onlj^ 
its aqueous vapour, this would be but little augmented because it already 
exists in air nearly at a maximum of that wdiich the temjicrature can produce 
and support. The suppression of the obstacle will only accelerate the 
evaporation without sensibly au^enting the absolute quantity/’ When 
a gas is confined over water, the observed volume of the gas is determined 
by the temperature and pressure of the barometer. By Dalton’s law 
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tlie total pressure of the gas- is the 'Joinh;. effect of two partial pressures: 
(I) the partial pressure of the water vapour at the observed temperature ; 
and (2) the partial pressure of the gas under observation. Hence the 
barometer reading does not represent the pressure of the gas aloiu^, but 
rather the' .pressure of the gas plus "the pressure of_ the water vapour. 
To find the latter, note the temperature, and a “ Table of Vapour Pres- 
sures of Water in Millimetres of. Mercury,”, in most'"“‘Table Books,” will 
liirnisli the desired datum. This must be subtralcted from the observed 
pressure (barometer) in order to find the pressure of the gas at the 
temperature in question. 

Example. — What is the volume of 4-|- litres of a gas at 0®, 700 mm., when it 
is measured m contact with w’-ater at 15*^, and the barometer reads 7(>7*7 mm. ? 
irrom the “ Table of Vapour Pressures,” the vapour pressure of water at 15*^ is 
12*7 mm. Hence the gas is really under a partial pressure of 707 — 12*7 
= 7o5 mm. of mercury. Tlie problem is now to be solved like the example on 
p. 105. The answ'er is 4' 24 litres, 

§ 5. The Solubility of Solids. 

In the strictly scientific sense of the word insolubility does not exist, and 
even those substances characterized by the most obstinate resistance to 
the solvent action of water may properly be designated merely as extra- 
ordinarily difficult of solution, not as insoluble. — O. N. Witt. 

Water is one of the most active of solvents, and, in consequence, it 
has been styled “ the universal solvent,” but not in the same sense as the 
visionaries’ (universal solvent) so often mentioned in me^^eval 
alchemy. They seem to have overlooked that no vessel could be made to 
hold a universal solvent. For convenience, the dissolved substance is often 
called the solute, and the liquid in which the solute is dissolved the solvent. 
If potassium chloride be added to water kept at a constant temperature, 
the salt is gradually dissolved, and the process of solution continues 
until a definite amount has dissolved. The amount of solid remaining in 
excess of this will remain an indefinite time without farther change, 
provided the temperature remains constant, and no solvent is lost by 
evaporation. The solid and solution are then in equilibrium. As in the 
analogous case of the vapour pressure of a liquid, the equilibrium between 
a saturated solution and a solid is dynamic, not static. Accordingly, 
with the preceding notation the equilibria respectively with solid and 
liquid solutes are represented : 

The solution is said to be saturated with the salt at the temperature of 
experiment. The weight of salt dissolved by 100 c.c. of the solvent so 
as to make a saturated solution at any assigned temperature is 
called the solubility of the salt. ^ Thus, 100 c.c. of water at 20° will 
dissolve 35 grams of potassium chloride, and accordingly, 35 is the solubility 
of potassium chloride in water at 20°. The concentration of a solution 
is determined by the relative amount of solute in solution. If but a small 

^ Other modes of representing solubility are more convenient in special 
cases — e.g. in Eig. 58 the percentage amount of , salt in a given w’-eight of the 
solution is employed ; the volume of gas.^t n.p.t.; per 100 volumes of solvent is 
used on p. 826 : etc.' ' " .• . ..... 
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proportion 3 s present, the solution is said to be weah or ilUnte ; if a relatively 
large amount of solute is dissolved, the solution is said to be strong or 
mnmnimteAh X H. van’t HoS defined a solution as a homogeneous 
mixture of two or more substances whose composition can vary within 
certain limits ; 0. L. BerthoHet used a similar definition. The limiting 
anioiint of salt required to saturate a solvent was called by H. le Febure 
( 1 . 660 ) tin jmkls de nature which cannot be transgressed. For a discussion 
w'hether solutions are chemical compounds or not, see page 41. 

The so-ealled insoluble substances obtained as precipitates in anatysis 
arc in reality substances with a very low solubility. It is all a question 
of measurement. As the methods of observation become more and more 
preca.se, so does the list of insoluble substances grow less and less. The 
general use of tlio term insoluble must in consequence give wmy to 
sparingly soluble.'’ In illustration, the three precipitates obtained in 
tiie first group of the regular scheme for qualitative analysis are not really 
insoluble in water because their solubilities, per 100 c.c. of water, at 20 ^, 
are represented by the following numbers : silver chloride, 0*00016 gram ; 
mercurous chloride, 0*00031 gram ; and lead chloride, 1*18 grams. In 
order to maintain Witt’s proposition at the head of tliis section, it would 
ha necessaiy to make so many logical leaps in the dark, that the proposi- 
tion is a good illustration of a useless proposition not at all uncommon 
in chemistry— rfde p. 1.24 

The influence of temperature. — ^The solubility of most solids increases 
with the temperature ; the higher the temperature, the greater the 
solubility. The relation between the solubility of solids and temperature 
is usually plotted in the form of curves called solubility curves. The 
solubility curve presents a graphic picture which enables the relation 
between solubility and temperature to be seen at a glance. In illustration, 
Fig. 107 sho'ws the solubility curves of potassium and sodium nitrates ; 
Fig. 05 shows solubility curves of potassium chloride, chlorate, and per- 
chlorate. The upward left-to-right slope of the curve shows that the 
solubility of these salts hicreases with a rise of temperature. Sodium 
chloride is but slightly more soluble in hot than in cold water, and a few 
substances give soluhility curves with a right-to-left upivard slope, showing 
that the solubility decreases with rising temperatures. For instanc^ 
see the curve EOt Fig. 58, for the solubility of anhydrous sodium sulphate ; 
and also : 

SonUBII-TTY OF 0* 50® 

Galemm chromate — CaCrO^ 4*50 i ‘]2 

Oakium hydroxide — Ca{OH)a 0*1 4 0*30 

Cerium .‘ 5 ulph ate — 062 ( 804)3 39*00 4*78 

Sodium chloride — NaCl ........ 35*03 30*07 

Some solubility curves exhibit iri'egularities at certain temperatures. 
The solubility curve may change its direction, as calciimi sulphate does at 
35 ’, and barium butjTate at 45'\ The solubility curve of sodium sulphate 
is a very trite illustration, but none the less instructive on that account. 
It is sliown in Fig, 58 \ The solubility of tiae salt, NagS 04 . lOHgO, increases 

^ The ordinates and ahaeissm in tliia diagram are usually reversed. It really 
snakes no difference, but lor the sake of ease I prefer the system used, in tho text, 
since we can tlnen see the ’'relatidti-' between solubility curves and temperature i 
ooneentration diagrams usually represented as in Pig." 59. 


100 ® 

0*42 

o*os 

0*78 

39*12 
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rapidly with rise of temperature, as- shown by the slope of the curve EO^ 
Fig. 58. There is an abrupt change in the direction of the solubility 
curve 'at 34°, Fig., 58. Above that te'mperature the solubility decteams 
with rise of demperat'ure. ■ The interpretation is that the solubility curve 
is really compounded of two ■ solubility curves. The curve of increasiug 
solubility with rise of .temperature beiow 34° '.represents,, the solubility of 
curve: of the decahydrate, ■Na^SO.j.lOHaO,; 'and the. curve of .decreasing 
solubility with rise of temperature represents the soliiliility curve of the 
anhydi’ous salt, in rhombic crystals. ' The clecahydrate, at 3'i°, 

is transformed into the anhydrous salt. The decahydrate i.s not &tahh 
above 33° ; the anhydrous salt' is not stable, below 34°. This, temperature 
■is called the transition temperature .or transition pointy and the change 
is symbolized 


Na2SO4.10H#^Na2SO4,d- lOH.^ 

The solubility curves, it will be observed, represent the condition of 
e(|mlibrium between the solvent and salt. 

It makes no difference whether we start with tlie anhydrous sulphate 
or the decahydrate. When in equHibriimi, 
the solution in contact with the solid will 

contain the amounts of sodium suiphat e — ^ __ : 

NaaSO^ — indicated by the solubility curves, f 

Fig. 58. The saturated solutions, when in ^ 

equilibrium, have the same concentration ^ ^ 

and are identical in every w’-ay. We cannot ^ ^ 

continue the observation of the solubility So... ^ 

of the decahydi'ate beyond 32*383° because 

it immediately splits up either into the ^ IT 

anhydrous form, or into some less hydrated | j| 

form — e.p. Na 2 S 04 . 7 H 30 ; bnt since the 

transformation of the anhydrous salt into | 

the hydrate takes an appreciable time, it 

is possible to measure the solubility of the Y 

anhydrous salt below 32*4. This is indi- ^ 

cated by the dotted line in the diagram. ^ 

The solubilities of the two sodium d -- 
sulphates — anhydrous and decahydrate — \ \ 

are quite different. At 234 the rhombic ^ ^ ^ 

sodium sulphate passes into the monoclinic 5g_ Solubility Curve of 

form with its own solubility curve. If the Sodium Buqjhate. 

solid decahydrate were in contact with a 

saturated solution at 20°, and some of the anhydrous sulphate were added 
to the solution, some of the anhydrous sulphate would dissolve and be 
deposited later as the decahydrate. The final result would be a trans- 
formation, through the medium of the solution, of the anhydroiis salt 
into the decahydrate. Although 100 ,c*c. of water at 0° can dissolve 
only about 5*0 grams of the decahydrate, the same quantity of water can 
dissolve much more of the anhydrous sulphate. It is therefore neces>sa 3 ry 
to specify which sodium sulphate is In question when reference is made 
to a saturated solution 'of 'sodium- sulphate/-’’ . unless,.: ** at ordinary 
temperature'’ is understood; as ’is usually the case. The fact that- salts ^ 


Per] cent Naa SO* j 

.' 20 .. .' '... ■ 30 ' ■ ..40 .' 


Fig, 58. — SolubiUty Curve of 
Sodium Bulxjhate. 
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.wMeli' crystallize in 'two or more forms with different amounts of coni- 
Mned .water 'have different solubilities a,grees with the assumption that 
the solution .itself contains molecules of the hydrate— NagSOi.lOHgO; 
and Naj.S0^,7H20.: , 

" ' ■ § 6. The Freezing- of Solutions. 

It lias long hee.li known, even as far back as Aristotle’s day, that 
drinkable water could be obtained from, frozen sea- water; and that if 
an aqueous solution of salt be gradually cooled, comparatively pure ice 
first separates from the sohition.. ' The trace of salt generally found, in 
ice w^hich has separated from sea- water is meclianlcaiiy entangled in 
the ice. Magnesium cyanoplatinate, for instance forms a colourless 
solution from which colourless ice separates; if any sohd magnesium 
cyanoplatinate separated with the ice, the colour would be intensely red. 

The curve OR, Fig. 59, represents the 
solubility of sodium chloride at tempe- 
ratures ranging from —23° to -f 40° ; the 
observation cannot be continued below 
—23° because the whole mass freezes ; 
the upward curve would probably stop 
only at the melting point of sodium 
chloride, 801°, if it were not for the 
volatilization of the water. Hence, to de- 
termine the soiubiljty,the pressure would 
have to be very great at this high tempe- 
rature to prevent the water volatilizing. 
Note tiie critical temperature of water. 
Fig. 69,— Solubility and Freezing The freezing temperature of a solu- 
Curves of Sodium Chlorido-Water tion is generally lower than that of the 
Solutions. p^j,Q solvent. More than a century 

ago, C. Biagden (1788) cited a number 
of observations which led him to the belief that the lowering of the 
freezing point is proportional to the amount of substance in solution. 
In Blagden’s own words : The effect of a salt is to depress the freezing 
point in the simple ratio of its proportion to water. This generalization 
is sometimes called Blagden’s law. The freezing point of an aqueous 
solution of sodium chloride, that is, the temperature at which ice begins 
to separate, is gradually reduced by the continued addition of small 
quantities of sodium eliloiide, and reaches its low-est value, —23°, wdien the 
solution has nearly 23*6 per cent, of sodium chloride ; further additions 
of the salt raise the temperature at which solid separates. Solid sodium 
chlorkh, not ice, then separates from the solution, F. Guthrie’s measure- 
ments (1875), of the relation between the freezing point and the concen- 
tration of aqueous solutions of sodium chloride are shown graphically by 
the curve AOi Fig. 59. ’ . 

Imagine a 5 per cent, solution of salt subjected to a gradually diminish- 
ing temperature. Start at 0° When the temperature reaches, say, 
—3*4° ice separates from the solution. The mother liquid remaining has 
therefore more than 5 per cent, of salt in solution ; as the temperature falls, 
inore ice separates. The further concentration of the mother liquid and 
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the separation of ice continue nntil'the mother liquid lias about ;2S‘6 per 
cent, nf salt, when the whole remaining liquid freezes at ~23'b 

Quite an analogous sequence of changes occurs if solutions containing more 
• than 23*6 .per cent.' of salt be gradually cooled. ■ This .time, however, 

Instead of pure ice, pure salt , separates until the residual. liquid. lias 23 ‘6 
per cent, of salt. .The whole solidifies en masse at —23'’. '. If the. cooling 
solution, has just 23*6 per cent, of salt, neither ice nor salt separates, until 
the temperature has fallen to —23°, when the whole freezes to a solid mass. 
K[o other mixture of water and salt freezes at a lower temperature tha,ii this. 
Hence a solution containing 23*6 per cent, of salt is called a eutectic 
mixture ; ^ and —23° the eutectic temperature. F. Guthrie used to think 
that this mixture — water with 23*6 per cent, of salt— corresponded with 
the formation of a definite compound of sodium chloride and water — 
HaCl.lOHaO — stable only at low temperatures. Hence his designation 
•gl cryohydrate for the alleged eompound. Ponsot called the substance a 

cryoseL The term eutectic mixture ’ ’ is preferred in place of cryohychate 
or cryoseL 

Cryohydrates. — We now know that Guthrie’s cryohydrates are nothing 
but mechanical mixtures of ice and salt. The one is entangled with the 
other. It is easy to understand how eutectic mixtures were mistaken 
for true chemical compounds. No matter what the original composition 
of the salt solution, the last fraction to solidify always has the same com- 
position; and a constant melting point. Both these qualities are often 
stated to be characteristics of true chemical compounds. That the cryo« 
hydrates of sodium chloride and numerous other salts are not chemical 
compounds is based on the following evidence: (1) The heterogeneous 
structure is frequently apparent under the microscope. The crystals of 
ice can often be seen lying in a matrix of salt, especially if a coloured salt 
like potassium permanganate, copper sulphate, or potassium diehromate 
he employed. See Fig. 195 for an illustration with solutions of carbon 
in iron. (2) Unlike true crystalline compounds, the cryohydrates are 
generally opaque and ill-defined. (3) Alcohol may dissolve the solvent, 
^ leaving behind a network of salt. (4) There 

are no special signs of chemical change 
during the formation of the cryohydrate. 

(5) The ratio of salt to solvent is not always 
in molecular proportions. The agreement 
in some cases is merely a coincidence. (6) 

The composition of a cryohydrate is different 
when the solidification takes place under 
different pressures. 

The phenomenon — eutexia — ^which is 
illustrated above, has attained great import- wS dl 

ance m the study of metallic alloys, minerals, chemical Com- 

« and mixed salts. Other examples will ap- pound, 

pear later. If a recording thermometer be 

placed in a cooling solution, say, sodium cMoride, a series of curves like 
those indicated in Fig. 60 will be obtained. A pure liquid shows one break 

f' 

3- From the Greek ev (eu), easily, and (feko), I melt. Hence ‘‘ eutectic ’’ 

means that which is easily melted.” The word, was used by Aristotle 

{PfoUemam, It 50) in the sense of easily soluble or digestible. '''■ , • ■ , , 
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wliich corresponds with the 'latent heat of solidification .liberated, at the 
freezing point ; a solution, corresponding with the; eutectic '.mixture, 
also shows only one break lit \the eutectic temperature..' .Other mixtures, 
show two breaks, one at which, a solid separates an.d the other at the eutectic ■ | 

temperature. If the proportion of solvent is, greater than corresponds , , 
irltli the outeetic mixture,, ^ the first break indicates the temperature at 



wiiieh the solvent begins to' separate; and if the proportion of solvent 
is less than corresponds with the eutectic temperature, ' the first break 
indicates tlio temperature ' at .which the' solute begins to separate* ; A 
comparison of Elgs. 59 and 60 wdll make this clear. 


§ 7, Gibbs’ Phase Rule, 

The phase rale is one of the moat eomprelienaive generalizations known to 
man. It is of unlimited application, and offers an accurate and ready 
rnearia of classifying all states of physical and chemical equilibria,— 
'IV. MAVEhlHOFUB. 

On plotting the vapour pressure of W’’ater in the presence of its own 
liquid, \vG get'tlie cui've OQ, Fig, 61, which gives the vapour pressure of 

w^ater corresponding with 
— any given temperature when 

I the liquid and vapour are 
in contact, and in equili- 
brium. Gall this thesteam 
ilne, or vaporizatioia curve* 
The ordinate of D represents 
the vapour pressure of 
water at 0°; at lower 
temperatui’es the water 
freezes. Plot in a similar 
g manner the vapour pres- 

SpjiSi:®: of io© at difierent 

, . . temperatures, and W6; get 
30” 40* the curve OP, called the 

T 0 mp 0 rafur 6 . hoar-frost line, or the sub- 

Fia. 61. — ^^’'apour Pressui'e Curves of W%ter. limation curve. Under 

these conditions, there is 
no intermediate liquid state, vapour condenses at once to a solid, and 
the solid passes directly into vapour. Solid iodine below its melting 
point 114*"" also vaporizes without liquefaction; arsenic can only he 
liquefied by melting the element under pressure; under ordinary "con- 
ditions, arsenic sublimes without fusion. It is found that the effect of 
pressure on the melting point of ice can be represented by a curve ON, 
Fig, 61, T!ie left-to-riglit downward slope of the curve shows that the 
melting point of ice ^ is lowered by increasing the pressure. Thus the 
melting point of ice at different pressures, according to W* Tammann 
(1900), is approxixnateiy ; 

Preswire 260 ' 4.90 1100 1790 2020 atm. 

Melting point —2®, ■ —4°;. '—10*11® — 17*6® —20*59® 

i At very liig.li; pressures, ice is said to form at least five different vaSS^Fes^one 
of winch y's siable only at temperatures, exceeding the melting point, 0® C., of 
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md m mmo,. ice melts at ■ To empiiaske these relations, the 

curves in the ciiagram are slightly exaggerated, . The curve OM is called 
the ice line .or fusion curve. 

, Before progressing further in our study, it. is ooiiveiilent to fix special 
Dieaiiiiigs to three terms,; component, phase, and 'degree of iTeedoiii or 
.variance. 

Components. — The components of a system are those substances 
which take part in. the reaction but which are^ not decomposed in the 
process. The coinponents may be elements, or compoimds whleii behave 
ill a. system, for the, time' being, as if they were elements. There is only 
one .compoiMsnt in the . system just considered, namely, water — HaO ; the 
coiiipoiients in .the system considered in the previous section— an "aqueous 
solution of sodium chloride— ai’e water (H^O) and sodium chloride 
(NaCl) and two comp.onents were .involved in our study of the solubility 
of sodium sulphate namely, water' (HgO) and sodium suiphate (^^,2^04).' 

Phases, — The components may group themselves in various ways. 
Tiiey may pass from one physical state to another, as when water boils 
or freezes ; they may form simple.- solutions, as when salt dissolves in W'ater. ; 
they may combine with one another in various ways, as when sodium sul- 
phate {Na2S04) forms the decahydi-ate (Na2S04. lOiLjO), etc. Every homo- 
geneous state — solid, liquid, or gaseous — which the components can 
produce is called a phase. The phases of a system aie the physical states 
in which the components can exist. A eutectic is not a phase. In the 
case of aqueous solutions of sodium chloride, the eutectic contained tw'o 
phases — NaCl and H^O. With an aqueous solution of sodium sulphate 
at the transition point, Fig. 58, %ve had tp deal with four phases — ; 
NagSO4.10H2O ; the saturated solution ; and the vapour arising from the 
solution. With freezing water, we have the three phases: lee, water, 
and vapour. In homogeneous systems there can only be one phase, 
gaseous systems ; and in heterogeneous systems there are always two or 
more phases. 

Variance or degrees of freedom of a system. — ^It will be remembered 
that the condition of equilibrium of a gas with respect to temperature, 
pressure, and volume was defined (on p. 106) by the equation, pv JST, 
for B is a numerical constant whose value depends upon the units of 
measurement (p. 97). If only one of these variables be fixed, say the 
volume, the state of the system will remain undefined, because the gas 
can retain gne fixed volume, and yet have very different values for tempera- 
ture and pressure. Two of the three variables must be known before 
the state of the system can be defined unequivocally, without ambiguity. 
If any two of the three variables be fixed, the third variable can only 
assume one definite value. The two fixed variabies are said to be arbitrary 
or independent variables ; the third variable which can be calcula,ted from 
the condition of equilibrium (pv ^ ET) when the two independent variables 
are known, is called the dependent variable. Another term sometimes 
used for the independent variable is degree of freedom. The gaseous 
system under consideration has two, degrees of freedom. The degree of 
freedom of a system— also called the variance ^ ' of a system— is 
the number of independent variables' which must .be fixed before 
the state of the system can be defined without ambiguity* The 
^ That is,’ * variableness,’*' from' the 'IdUn, mrmhUw, variable* 
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„ gaseous :SjsteiB, defined by the equatioiij pv MT^ is; bivarlant, because 
, it has two, iiiclependent yariabies, or two degrees of freedom. , 

■„ The systeiU', consisting of liquid water and .vapour has., two variables ; 

■ vapour pressure^ and temperature. ' So long as liquid water is present^ the 
pressure is determined 'solely by its temperature ; given either the pressure' 
or the temperature, the other can be determined, from' the relation sym- 
bolized ill the vapour pressure curve — ^Elg. 61. Hence the, state of the 
system is defined by "two variables — the one is dependent,, the 'Other inde- 
pendent. In other ivords, the system has one degree of freedom, that is, 
the system is univariant. 

The three curves PO, OQ„ and ON—Yig. 61 — represent the conditions 
of equilibrium of tliree twm-phase systems : solid- vapour, vapour-liquid, 
and solid-liquid respectively. These three curves meet at the point 0. 
Here three phases can coexist in equilibrium. Hence the point 0 is called 
a triple point. The co-ordinates of the triple point are : pressure, 4;57 
mm.; temperature, 0*0076° C. If the pressure or temperature be altered 
ever so little, one of the phases — ice or liquid water — will disappear and a 
two-phase uni variant system represented by a point on one of the 
curves OP, OQ, ON wlU appear. At the triple point the system is 
invariant. Confining our attention, for the moment, to the liquid and 
solid, and neglecting the vapour, we can define; The freezing or 
melting point is the temperature at which both solid and liquid 
can exist side by side in contact with one another without changing, 

Gibbs^ phase rule. — J. W. Gibbs (1876-78) discovered an important 
relation between the numberof components, the phases, and the degrees of 
freedom of a system. According to Gibbs’ phase rule, a system will be 
in equilibrium when its variance is equal to the number of components 
in the system less the number of phases increased by 2. In symbols ; 

. jT .== G^P + 2 

where 0 denotes the number of components, P the number of phases, 
and F the variance or degrees of fre edom of the system. 

Invariant system. — ^An invariant system has no degrees of freedom, 
and the state of system cannot therefore survive a change of temperature 
or pressure. In that case P = 0, or P = G -f 2. This means that the 
system will have G + 2 phases if it is in equilibrium. If there be one 
component in the system, as in the case of water at the triple point, three 
phases can coexist in equilibrium — ^ice, liquid water, and steam. Other- 
wise expressed, if a system has three phases and one component the phase 
rule tells us that it will be invariant, and therefore the slightest alteration 
of pressure or temperature will cause one of the phases to disappear. 

Univariant systems. — ^These systems have one degree of freedom, and 
when the system is in equilibrium, P = 1, or P = G ~f 1. If one of the 
variables be known, the state of tlie system can be determined as indicated 
above. 

Bivariant systems. — ^Tliese systems have two degrees of freedom, 
and hence P = 2, or P = G. Two variables must be knowm before the 
state of the system can be determined. A saturated solution in the pre- 
sence of an excess of the solute Is umvariant, but bivariaiit if not saturated. 
In the former ease there are two',- components and three pliases-— solid, 
solution, and vapour ; in the latter case there are two components and 
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two phases. Hence in the one case, F = 2' 4- 2 -- 3 ; and in the otlier, 
F'— 2 +. 2 — 2. Again, in the region PON, Fig. 61, the system will be . 
bivariant, because there is only one phase and one component. Pressure 
and temperature may be altered without interfering with tlie state of the 
aggregation of the ice so long as the variations keep within the boiiiidary., 
lines PO and ON. The same remarks may 'be applied to, the condit-ion 
of the water represented by points in the regions NOQ and POQ. 

Object of the phase rule. — The phase rule is therefore a method of 
grouping systems which behave in a similar manner into one class. It is 
essentially a system for the classification of states of equilibrium. 
Systems having the same variance behave in an analogous manner under 
the influence of variations in temperature, pressure, and volume or coii- 
ceiitration. It makes no difference whether the changes be cliemical or 
physical. As indicated above, the phase rule also tells us whether the 
phases of a heterogeneous system are those necessary for equilibrium. 

Special application to solids and liquids. — In the application of the 
phase rule to alloys, minerals, and solutions when the vapour pressure 
is negligibly small, only two variables need be considered— -concentration 
or volume, and temperature. In that case, the phase rule reads : 
F=:G-P + 1 

Granite, Fig. 3 — composed of quartz, SiOg ; felspar, KgO AlaOa.SSiOg ; 
and mica, say, three components : SiO 2 ; 

AiaOa, and EgO ; and three solid phases : mica, quartz, and felspar. The 
system is uni variant. It is also in equilibrium, because, not being at a 
transition point, it is able to survive a small variation of temperature 
without changing the state of the system. 

To summarize some of the systems previously considered : 


Table VII. — Classtpication op Systems by the Phase Rule. 


System, 

Components. 

Phases. 

Degrees of free- 
dom or variance. 

Freezing water . 

' ' 'Water., 

Liquid ; solid ; 

1 vapour 

Invariant 

Water above 0° . 

- IVater 

Liquid ; vapour 

Univariant 

Unsaturated solution 




of sodium chloride 

Water, salt 

Solution; vapour 

Bivariant 

Saturated solution of 
sodium sulphate 



at transition point 

;::';Na 2 S 04 |:H 2 OV 

, 

, Na2S04 ; Na 2 S 04 
10H,>O ; solu- 
tion; vapour 

Ixi variant 

Freezing eutectic — 
sodium chloride 





Water, salt 

Two solids; one 
liquid (neg- 
lect vapour) 

Invariant 

Sfceam, and metallic 
iron in a closed 



Univariant 

vessel . 

i;::h|r0h'^;:bxygeh,^;y4^ 

Ug ; HgO ; Fe ; 


hydrogen 


' 

Solution of oxygen 



Bivariant 

in water 

Oxygen; water 


ms 
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§ 8. ' Undercoolmg—Stipersaturatioii. ' 

A nietastable system,' tliougli stable,, is eonstaiitly menaced by a spontaneons 

Undercooling.— Heat &, solution of sodium ' thiosulphate to, say, 70° in 
a glass flask ; stir the molten mass with a thermometer as it cools ; read 
■' the thermometer every two minutes, and finally plot the results on square.d 
paper. A curve — ealied a cooling . curve — ^resembling that illustrated 
in Fig. 63, A, will be obtained. The terrace in the cooling .curve at 66'° 
shows that a change of some kind takes place in the nature of the cooling 
substance at 56°. The terrace corresponds with the temperature at which 
solidification or freezing was in active progress. The sudden slackening 
in the rate of cooling corresponds with the “ evolution of the latent heat 
of fusion’’ as the liquid solidifies. Repeat the experiment, but do not 
agitate the liquid ; take care that the cooling liquid is quite still and pro- 
tected from dust by, say, a loose plug of cotton wool in the neck of the flask. 
A cooling curve lilce that shown in Fig, 62, R, will be obtained. The liquid 

80 ’‘ 
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Fig. 82 , — Cooling Curves of Molten Sodium Thiosulphate, 

does not freeze, and no abnormal behaviour Can be detected in the cooling 
curve. The liquid ought to ” ^ crystallize at 56°, but it does not. Drop 
a crvsStal of sodium thiosulphate into the liquid mass. The mass seems to 
solidify with almost explosive rapidity, and the thermometer immediately 
indicates a rise of temperature. The phenomenon is illustrated by 
Fig. 62, 0 . The liquid sodium thiosulphate at a temperature below 56° is 
sail! to be surfused, or, better, undercooled. The liquid may be kept in the 
surf used or undereooied condition an indefinite time, and the process of 
solidification can, in general, only be started by the introduction of a crystal 
of the same type as that which is formed during the solidification of the 
given substance. Often a fleck of the right kind of dust floating in the 
air suifiees to upset the state of apparent equilibrium. Clear glasses and 
pottery glazes are solutions of silicates which have congealed to hard 
masses without cr 3 ^stallizing. ^ ' 

Supersaturation. — Similar phenomena occur if water be saturated 
with Glauber’s salt — 'HagS 04 , 10 H 20 — at 80°. Make sure that no excess 
of solid is in contact with the liquid,, and let the solution cool as before — 

Ought to Is put m inverted commas to show that the ordinary meaning 
of these words is modified. 
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witliou't agitation and without dust. The solubility curve, Fig. 58, tells 
us that the solid “ ought to '' separate from the s^^stein as the leinperature 
is reduced. : Here is. another case of apparent, false, or metastabie equili- 
brium. Although the solution can be kept an indefiiiite time in this eoii- 
ditioii, the seeding, or inoculation, of a supersaturated solution l)3rthe 
introdiictioii a very minute quantity of a crystal of dissolved salt will 
upset the state of apparent 'equilibrium A ■■■ The crystal fragment beeouics 
the centre or nucleus from which crystals radiate into the solution on all 
sides. Similar results can be obtained with aqueous solutions of sodium 
acetate, sodium cMorate, etc. A supersaturated solution of ammonia 
alum, Al2(S04)g.{NH4)2S04.24H20, deposits the same salt if seeded with 
crystal f ragments of that salt ; but A. Piccini and V. Fortini (1902) showed 
that if the saturated solution be sown with octahydrated ammonium 
thallic sulphate, the salt A1 2(804) 3.(NH)2S04.8H20 appears. If a solution 
holds more salt than corresponds wnth the normal solubility curve of the 
salt, the solution is said to be supersaturated. 

It is possible to distinguish bet^veen a saturated, an unsaturated, and a 
supersaturated solution hy bringing each in contact with more of the solid. 
If the solution is unsaturated, more solid will dissolve ; if saturated, none 
will dissolve ; and if supersaturated, solid will separate imtil the solution 
is saturated. The concentration of an unsaturated solution is less, while 
the concentration of a supersaturated solution is greater than that of a 
saturated solution. 

Related phenomena. — Many other examples of related phenomena are 
known. In analytical work the slow appearance of precipitates in dilute 
solutions is very common. Pure water may be easily cooled to — 3 ° or — 4® 
without the appearance of ice if kept quite still while the temperature 
is reduced ; and the water can be easily cooled to —6'^ or —7*^ if a layer 
of oil be placed over the surface of the cooling water. Oi?, Fig. 6i, repre- 
sents the vapour pressure curve of the undercooled liquid. Phosphorus, 
sulphur, etc., behave in a similar manner. Ice has not been heated above 
0° without melting, but liquid water can be heated to 105*^ or 106^^ without 
boiling. When the boihng does start, it proceeds with almost explosive 
violence. The phenomenon is called bumping. By suspending drops of 
water in a mixture of olive and linseed oils which has the same specific 
gravity as water, and a high boiling point, L. Bufour (1863) raised \vater to 
i78° without boiling. P. J. CouHer (1876) found that dust-free air 
saturated with moisture may be cooled below the normal temperature of 
condensation ; and John Aitken (1880) show^ed that dust is necessary for 
the formation of fogs and raindrops, so that in perfectly clean dust-free air 
aqueous vapour does not condense, and mist does not form ; without solid 
nuclei the cooling vapour becomes supersaturated. 

Metastable and labile states of supersaturation. — Inoculation or 
seeding is usually necessary to start the process of crystallization of a 
supersaturated solution ; and yet the supersaturation may be carried 
so far that the cr^^^stals will grow spontaneously in the solution, without 

^ In H. A. Miers’ experim,ents on the crystallization of the rare orgaiiie 
compounds, salol and betol, it was found that the substances did not crystallize 
at first w'hen allowed to cool in open vessels in the laboratory ; but after a time, 
when the air of tho laboratory had become iiiipregnated with dust, presumably 
containing nainute grains of bot?A substaaces,;.crystalHza.tion readily occurred in 
open vessels exposed in the laboratory. - , 
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se,ediiig. . Indeed, it is possible' to draw' a “ .supersaturated solubility 
ourTe ” representing , the concentration of a solution at different tenij)era- 

tures where the supersaturation 
is so great ■ that, crystallization 
will begin .spontaneously .without 
inoculation. The idea is illus- 
trated .in Fig. 63, where the 
region between the normal solu- 
bility curve ■ and the supersolu- 
bility curve represents what is 
called the metastable state where 
inoculation is necessary to inau- 
gurate the process of crystalliza- 
tion ; and the region beyond this 
represents the so-caUed labile or 
unstable state where crystalliza- 
tion may start spontaneously 
without inoculation. For ex- 
ample, a solution of sodium 
nitrate at 20® is saturated when 



#5 50 55 ■ 60 

Concentration j* 

Fig. 63. — Labile and Metastable Equilibria 
of Saturated Solutions (after H. A. 
Miers).' 


it contains 45*8 per cent, of salt ; it is in the labile state when it contains 
over 48*8 per cent. ; and it is in the metastable state between these two 
concentrations. 

Supersaturation and the phase rule. — The phase rule, it will be 
observed, applies to systems in real equilibrium, not to systems in a state 
of apparent, false, metastable equilibrium. We are repeatedly con- 
fronted with those little-understood phenomena which, for convenience, 
have been grouped under the general term “passive resistance,” 

p. 136. 

The kinetic theory of supersaturation. — ^The kinetic theory throws 
a little light on to the phenomenon of supersaturation. A saturated 
solution in contact with the solid is supposed to be closely analogous vdth 
a closed vessel containing a liquid in contact with its vapoui*. When 
in equilibrium, the same number of molecules pass from the surface of the 
solid into the solution and return from the liquid to the surface of the 
solid. If the state of equilibrium be disturbed by evaporation or by lower- 
ing the temperature, the equality of the two opposing actions is disturbed 
and a new condition of equilibrium is established. In the case of a meta- 
stable supersaturated solution, the exchange of molecules cannot take place 
because no free solid is present. Directly a particle of the dissolved solid 
is added, the dissolved s\ibstance is rapidly deposited about the submerged 
particle as a nucleus until the concentration of the solution has reached 
its normal value. In the case of a labile supersaturated solution, the 
crowding of the molecules is so great that they are able to form aggregates 
large enough to serve as nuclei for the separation of more solid. 


Questions. 

L How would you proceed in order to find the volumes in which hydrogen 
and oxygen combine to form water ? What modification of your apparatus 
would you make, if you were asked, in addition, to measure the volume of steam 
formed I Wliat voliune of gas is formed when 1% grams of water are decomposed 
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fo) ^^ectrolytically, (6) by means -of, sodium, (c) by Iieatediron ■? [H =1,0== 16j, 
-•■-^Viciona Univ,^ Mancha 

2. Write a short account of the physical properties of ice, water, and steam, 
comparing them with those of solids, liquids, and gases in general. — London U?}h\ 

3. How would you prove, that the composition, of water, may bo expressed by 
, the formula' HgO ? ■ Mention everything' that' this formula i'lirplies. What volume 

wo,uld '9 gramabf aqi:ieous vapour occupy at 273''^ C.,, and,'iiiide'r 380 mm, pr(?ssiire ? 
- — Aberdeen Univ. 

4. The specific gravity of a solution of hydrochloric acid is TITT). ami it 
contains 34*5 per cent, of the compound HCI. How many cubic centimetres of 
the solution will be required for the neutralization of 50 grms. of sodium hydroxide, 
HaOH,. given the reaction : HCI -f HaOH =; H^O + NaCl ? 

5. Give an account of the properties of water, especially those which may 
be termed chemical properties. How would you identify water and distinguisli 
it from other colourless liquids ?' — London Vniv^ 

6. Write a short account of the phase rule, and indicate clearly some use fii! 
applications of this generalization . — Board of Educ. 

7. When ordinary w'ater which has been in contact •v\itli the air is boiled, 
gas is given off. How would you collect a sufficient quantity for analyses ? 
How could you prove that the gas was dissolved in watei*, and that it is not a 
product of the decomposition of water by heat ? .How would you determine tiie 
amount of one of the constituents ? — Oxford Locals. 

8. The formula for water has been written at different times HO and HgO 
(O = 8). Point out the objections to both expressions and state concisely tlie 
reasons for representing the molecule of water by HoO (O = Id ). — London Univ. 

9. Describe some case of chemical combiaatioir and some case of solution. 
Compare the two, and discuss the question whether any distinction should or 
should not be made between solution and other cases of chemical change. — 
New Zealand Univ, 

10. Compare the bubbling of molten potassium chlorate at a high temperature 
with the bubbling of water when heated to about 100°. 

11. 100 granas of water dissolve tlie following quantities of zinc sulphate at 
the temperatures named : 

Temperature . . 0° 25° 39° 50° 70° 80° 90° 100° 

ZUSO4. . . . 41*9, 57*9, 70*1, 76-8, 88*7, 86*6, S3-7, 80-vS grams. 

Plot the results on squared paper so as to show a “ solubility curve.” 

12. Define the terms ; degree of freedom, phase, component, and variant in 
Gibbs* rule. In the case of a system containing salt and water, and the phases 
salt, saturated solution, and vapour, how many variants mxist be fixed to establish 
equilibrium jf Discuss the reasons for your statement . — Sydney Univ, 

13. Give an account of the phase rule and of the help it affords in under* 
standing equilibria. Illustrate your answer in particular by applying the rule 
to the case of water . — Bombay Univ, 

14. Can any distinction be drawn between the action of water on a soluble 
substance and other cases of chemical combination ? What are the resernblauces, 
and what the differences between a substance in dilute solution and the game 
substance in the gaseous state ? — Neiv Zeala^id Univ, 

15. What are' the chief characteristics of the solid, liquid, and gaseous states 
of matter ? Wliat is the usual effect on each class of {a) alterations of tempera- 
tiu’e, and (&) alterations of pressure ? Describe experiments to illiist-rato your 
answer . — Sydney Univ, 

16. Plot curves to represent the following tabulated numbers re]3resenting 
the number of grams of salt in 100 grams of water at the temperatures named : 

0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 

.Ha^SO. . 5 9 19*4 40 48*8 46*7 45*3 44*4 43*7 43*1 42*5 

K-alum . 3-9 7*5 15*1 22*0 30*3 44*1 66*6 90*7 134*5 209*3 257*6 

Answer by reference to the resulting diagram ; (a) equal volumes of two solutions 
on evaporation yielded 26*5 grams of sodium sulphate and potash-alum re- 
spectively. At what temperatiu’es were the two solutions made up ? A saturated 
solution of potash-alum was made up at 64°, and another of sodium sulphate at 
72°. If both solutions were cooled to how many more grams of potash-alum 
would separate out tlian of sod iimi, sulphate County Major Scholarship, 

17. Some paraffin wax is heated in a test-tube until it melts and rises consider. 
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ably above its meltiiig .poiiit' in- temperature, . A thermometer is inserted, in.; the 
melted w,ix and readings of the temperature are taken every minute imti! the wax 
lias reacheti again the temperature of the room. The readings of the tliermometei’ 
:ire now plottkl against the corresponding times. Draw a diagram showing th@ 
sort, of curve thus .obtained, and' e.xplain' its general character. , How does It show 
the solidifying point of ;paraffi'n Adelaide Fw&.'JJajam. Board. 

IS, What 'facts would you adduce to- pi'ove that the moleoule of water con* 
tains two atoms of liydrogen and not more or less than two atoms 1 -—Science and 
A.rt:Bepk " 

19. How would you prove that the body formed by the combustion of hydrogen 
in air is water ? — Science and Art Dept, 

20, .A wTiter says That %mter ‘‘ can exist in three phases, namely, ice, water, 

and steam. These three, phases together form ■ a system , in which there . is ' one 
eornponont, namely, the compound dihydrogen oxide Substituting the 

respective values for P and <7, the equation becomes 3 -p P 1 4 . 2. Hence, 
F “ 0 , so that imder no condition can all three phases exist simuitaneously in 
equilibrium.’* How has the uviiter erred in making this false conclusion ? 



CHAPTEE X 

Crystals and Crystallization 
I 1. The Crystallization of Salts from Solutions. 

The world is not a meaningless medley. We do not believe that blind chance 
reigns supreme. On the contrary, we see order everywhere, and Uiw is the 
regulating principle in all things and processes, — P. Carus. 

Ij’ a saturated solution of a salt be aUowed to evaporate, crystals of the 
salt separate when the concentration of the solution becomes greater than 
that represented by a point on the solubility curve. The phciioinenon 
becomes a little more complex when the solution contains two or more 
salts which do not act upon one another. 

The solubility of a mixture of sodium and potassium chlorides in water 
at 25° is represented by the curves shown in Fig. 64. The ordinates 
represent quantities of sodium chloride ; 
the abscissae, quantities of potassium 
chloride. The concentration of a ^ 
saturated solution of sodium chloride ^ 
at 25° is represented by the point A, ^ 
and of a saturated solution of potas- $ 80 
sium chloride by the point B, The ^ 
line AC represents the composition of eo 
solutions of sodium chloride saturated J 
in presence of the proportions of 
potassium chloride indicated by the g 
abs<?iss0B of the curve AC; and the M 20 
line CB, the composition of solutions 
of potassium chloride saturated in q 
presence of the proportions of sodium ^ 

chloride represented by the ordinates c. , , -i.. r tvt- ^ 

of The point 0 represents the 

coiiiposition of a solution saturated. sium Chlorides, 

with both salts. The volume of 

solution is here understood to be the amount necessary to dissolve A and 
B gram molecules of the respective salts. 

Sodium and potassium chlorides fom neither ‘‘ double salts nor 
hy drates. Hence when a solution containing equal molecular proportions 
of both salts is evaporated, the solution will become saturated first 
with respect to the less soluble potassium chloride, and this salt wil 
accordingly crystallize from the solution first. As evaporation proceeds, 
potassium chloride continues separating ; the successive states of the 
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solution, are represented . by points travelling, in tlie direction BC\ The 
p,henoaienon, is really wonderful. The inoleoules of,; both sodium and 
potassium clilorides are uniformly diffused throughout the original solution ; 
but, ,as soon as the evaporating liquid, has attained a certain concentration, 
the molecules of the potassium chloride alone commence crystal-building ; 
an ordered cosmos grows out of a chaotic mixture of molecules. The 
molecules of this salt withdraw from the solution in harmonious order, 
which, is followed as rigorously as the bricklayer, when hiiilding a mansion, 
places brick upon brick, according to the plan , predetermined by the 
architect. The operation continues until the solution has the composition 
■ represented by the point 0.. At C the solution is saturated with respect 
to both salts. Any further concentration of the solution will result in 
the deposition of sodium and potassium chlorides side by side, and the 
solution will go on depositing a mixture of the twm salts until it has been 
evaporated to dryness. Here the molecules of both salts are simultaneously 
building crystals side by side. If sodium chloride be in excess, what has 
been said of potassium chloride along BC^ applies to sodium chloride 
along AO, In each case 0 represents the end point of the crystallization, 

§ 2. Fractional Crystallization. 

What chemist who has watched under the microscope the beautiful sym« 
metrical manner in which minute particles of a substance separating in 
the solid form from solution arrange themselves in geometrical figures, 
obeying well-established mathematical laws, can pretend to explain the 
cause of the astonishing behaviour of inert lifeless matter ? — H. C. Bolton 

The molecules of a substance in solution appear to be distinct indi- 
viduals before crystallization, while in a crystallizing solution each mole- 
cule appears to exert some specific attraction on its fellow molecules to 
enable them to separate from the solution in a definite orderly way. 
The chemical student sees the phenomena of crystallization every day, 
but he does not always realize the miracles being performed in his test- 
tubes. Some one has cited the formation of alum as an illustration. 
Here, the alignment of the molecules in a growing crystal can proceed 
so rapidly that a few seconds of our time must appear as a long era in 
the molecular world. Thus, if concentrated solutions of aluminium 
sulphate and potassium sulphate are mixed with constant stirring, 
a mass of beautiful transparent sparkling crystals of alum .is im- 
mediately precipitated. The molecule of alum is usually represented 
K2S04.Ai2(S04)3.24H20, and accordingly, in these few seconds, the atoms 
have had ample time to arrange themselves in molecular groups, each 
containing 96 atoms ; and the molecules in turn have had time to align 
themselves in a precise methodical ■way to form an indefinite number of 
octahedral crystals contaming more molecules than could be enumerated 
by continuous counting for myriads of years. 

When a- solution of two or more salts is slowly evaporated, if the salts 
differ appreciably in solubility one salt may pass more or less completely 
out of solution before the other commences to separate — fractional 
crystallization — provided at the temperature of separation the salts are 
independent of one another and exhibit no tendency to unite chemically 
or physically. Warm 60 grams of potassium chlorate, just above its 
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melting point, in a new porcelain. dish, and keep the mass at that tempera- 
ture until it becomes viscid, and almost solid. Tin's will occupy from 
ten to fifteen, minutes. Let. the mass cool. It contains undeconiposed 
potassium chlorate, some potassium chloride, and potassium, perciilorate, 
Add 50 C.C.. of Iiot 'water,, say. , 

at 50°, and . when all has, dis- 
integrated , and . the solution 
cooled, the crop of crystals of . . 

potassium perchlorate can be 
filtered off. Evaporate the filtrate $o 

uiitir a ■ drop : cry staliizes w.hen , S 
rubbed on a cold surface. The S,. 
first crop of crystals which ^ 
separates as the solution cools 
is mainly potassium perchlorate, 
because this salt is so very much 

less soluble than the other two ; ^0 W 20 SO 40 50 Grms 

100 c.o. of water, at 15°, holds 

in solution about 36 ^ams of es.-Solubility Cun-es of Pofaissium 

potassium chloride, 6*6 grams chloride, Chlorate, and Perchlorate, 
of the chlorate, and 1*5 grams 

of the perchlorate. The solubOity curves of these three salts are 
shown in Fig. 65. If the evaporation be carried too far, crystals of 


Fiu. 66. — Crystals of Potassium Chloride, Potassium Chlorate, and Potassium 

Perchlorate. 

potassium chlorate will sej^arate. The first crop of crystals is redis- 
soived in as small a quantity of hot water as is practicable, and again 
allowed to crystallize ; potassium perchlorate can thus be obtained almost 
free from the other two salts ; and by repeated recrystaliization it is 
possible to isolate the salt in a high degree of purity. Reorystaffization 
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is needed to get- the pure product because tlio crystallizing salt often carries 
down with it sortie of the mother liquid, or some of the other salts dissolved 
in the mother liquid. If the evaporation be continued, potassium chlorate 
will eventually separate, and the process of recrj^stallization must be 
repeated, in order to isolate the pure salt. The remaining mother liquid 
is nearly all potassium chloride, ■ 

This operation — fractional ciirstallization — is sometimes a useful 
method of separating salts which differ appreciably in solubility. In some 
cases it is the oidy saHsfactory method of separation, even though the salts 
in solution do not differ very much in solubility. The process of fractional 
crystallization is then very laborious, involving, may be, scores of crystal^ 
iizations and recrystallizations. In other cases it is impossible to separate 
the salts in this way, because double salts separate. The microscopic 
appearance of the three salts isolated in this manner is shown in Fig. 66. 
Tlic outline drawings rejiresent perfect crystals. As a rule, the slower the 
process of crystallization, the larger and more perfect the crystals. The 
crystals are usually more or less distorted because, owing to local differences 
in the concentration of the crystallizing solution, the solution in the vicinity 
of some faces of the crystal may be more concentrated than the others. 
Perfect crystals are rarely found in nature or in the laboratory. 

§ 3. Crystals. 

In whatever mamier, or under whatever circumstances, a crystal may have 
been formed, whether in the laboratory of the chemist or in the workshop 
of nature, in the bodies of animals or in the tissues of plants, up in the sky 
or in the depths of the earth, whether so rapidly that w© may literally see 
its growth, or by the slow aggregation of its molecules during perhaps 
hundreds, perhaps thousands of years, we always find that the arranjgjement 
of the faces of the crystal, and therefore its other physical properties, are 
subject to fixed and definite laws. — H. P. Gurney. 

The constancy of interfacial angles. — liomogeneotis substances 
solidify from a state of vapour, fusion, or solution, their particles cohere 
so as to form solid figures — crystals — with regular symmetrical shapes 
bounded by plane faces. The solids are then said to be ciystailized. 
Every crystalline substance of definite chemical composition has a 
specific crystalline form characteristic of that substance. This is 
sometimes called R. J. Haiiy’s law. The faces of crystals of the same 
substance may vary in size and shape ; but if the crystals possess the 
same chemical composition, and are at the same temperature, the inter- 
facial angles have the same numerical value. In other words, the angles 
between similar faces of crystals of the same substance are precisely 
the same, and are characteristic of that substance. This “ law ” was 
first announced by D. Gugiielmimi { 1688). This means that the crystalline 
form of a substance is not determined by the absolute position nor by the 
sizes of the faces of the crystal, but rather by the dimensions of the 
interfaeial angles. The primaiy dominant faces, so to speak, may persist 
while the angles and edges of some of the crystals may be truncated and 
bevelled, giving rise to new facets. In spite of these variations, the 
crystals of a given substance always retain its fundamental form. 
Different substances may have a similar chemical composition and 
different interfaeial angles. 
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Polymorphism."— Crystals of different substances liave different forms ; 
crystals' of' the' same substance developed under the same conditions have 
the same form ; but crystals of the same substance developed under 
I different conditions may' or may not have the same form. For instance. 

’ ,, . ciystals' of sulphur fo'rmed above. or below, 94%5'^ p. 47 »5; tiierc are two 

differently shaped crystals of sodium 
phosphate, Fig,. 67'; crystals of sodium 
chloride are octahedral if grown in alkaline 
' solutions, and cubical in neutral solutions ; 

and conversely, 'Crystals of alum are' 

' usually octahedral, but cubical if grown 
in alkaline solutions. .Substances which 
, crystallize in two different forms are said 
' to be dimorphous, Fig. 67 ; and substances 'Fig. 67. — .Dimorphic Forms' of 
i , which crystallize in three different forms Sodium Eiphosphate. 
are said to be trimorphous. Titanic 

oxide, TiOg, for example, is known in three forms, rutile, anatase, and 
brookite. Polymorphism is the general term applied to the phenomenon 
when a substance crystallizes in more than one form. 

Ideal and distorted crystals. — One or more faces of a crystal may be 
abnormally developed or stunted in growth. During the growth of a 
crystal, the concentration of the mother liquid is rarely so evenly balanced 
on all sides as to allow the growth to proceed with, the same rapidity in 
all directions. The crystal will grow fastest where the solution is most 
concentrated. If a crystal gi’ow-s on the bottom of a liquid at rest, fiat 
plates, almost parallel with the bottom of the vessel, may be formed ; 
while if the solution be agitated during crystallization, a more uniform 
growth in all directions may prevail. This is not ail, a cubical crystal may 
habitually grow most rapidly in one direction so as to form a needle-Iilce, 
acioular, or prismatic crystal, A, Fig. 68 ; or in kvo directions so as to form 
a tabular or plate-like crystal, B, 

Fig. 68 ; or the crystal may grow 
^ uniformly in all three directions 

and the ideal cube, C, Fig. 68, 
will be produced. The angles 
betw-een the faces, hownver, will 
remain unchanged : 90°. The 
most suitable condition for uni- 
form growdh in all directions occurs wdien the growing crystal is 
suspended in the middle of the given solution by means of a thread. 
The crystal then approximates more or less closely to the ideal form. 
If the crystallization of a solution be rapid, the crystals arc usually 
much smaller than if the process be slow. Again, the habit of a 
crystal may change when grown from liquids containing other salts In 
solution. Thus, potassium chlorate gives prismatic crystals (Fig. 66) wben 
^ growm in aqueous solutions ; if much calcium chloride be present, small 

needle-like crystals are obtained ; and if potassium iodate be present in the 
solution, long plate-like crystals separate from the solution. The crystal 
angles, however, are the same in each case. The general shape of a 
crystal or the crystal habit may vary in that the different sets of j)lanes 
which bound the crystal may grow unequally, and some may even be 



Fig. 68. — Ideal and Distorted 
Crystals. 
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suppressed. Thus, calcite occurs .as rliomhohedral, scaleiiohedral, arid 
liesagonai prisms in almost infinite variety, but all can be referred to one 
priniaiy or fundamental form, ' 

Ideal crystals.—However ■ much the crystals may' be distorted, .the 
angles between like faces have. the same value, and in .consequence,. similar 
.faces can be imagined at 'the same distance .from the centre of the crystal. 
In this way,, the ideal form of a crystal can be derived from that of a 
distorted, ciystal, 

§4. The Seven Stjdes of Crystal" Architecture, 

A symmetrical shape is one which consists of parts exactly similar, repeated a 
ck’tain niimbei’ of times, and placed so as to correspond with each other, 
llie symmetrical parts of a crystal are, under like circumstances, alike 
affected, — W. WHEWEnn, 

Planes of symmetry. — The great variety of crystals formed by different 
substances can be arranged into seven systems. Certain qualities are 
peculiar to the members of each system. For instance, the planes of 
symmetry of each class are characteristic. A plane of symmetry is an 
imaginary plane which divides the crystal into two parts such that one 
part is the exact but inverse counterpart of the other. In other words, 
the two parts bear to one another the same relation that the image in a 
mirror bears to its objeet. The mirror is the equivalent of a plane of 
symmetry. A crystal of sodium chloride, for example, has nine planes of 



Planes of Symmetry. 

Fig. 69. — Sodium Chloride, Fig. 70. — Gypsum. Fig. 71. — Zinc Sulphate. 


symmetry ; three are indicated in Fig. 69, and six others are obtained by 
taking planes diagonally through three faces of the cube. The eiystal of 
gypsum, Fig. 70, has only one plane of symmetry ; and a crystal of zinc 
sulphate has three planes of symmetry, Fig. 71.^ 

Axes of symmetry. — Then again, a crystal may be rotated about a 
definite axis through an angle, which is a simple fraction — or ^ 
of the angle of complete rotation, 360° — such that the faces, edges, and 
corners are brought into similar or symmetrical positions, and the aspect 
of the crystal is the same as before rotation. The axes of rotation are 
then called axes of symmetry. Thus we speak of dyad, triad, tetrad, 
and hexad axes of symmetry according as there are 2, 3, 4, or 6 positions 
of symmetry during a complete rotation. Thus Fig. 72, A, represents 
a horizontal cross-section of a crystal with one hexad axis of symmetry, 

^ Compare also Fig. S for zinc sulphate. 
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because during blie rotation of the crystal about the axis 0, tliere are six 
positions ' where the original aspect of the crystal is the same. ' Fig. 72, „ 
B, C, J), respectively, denote ^ 

tetrad, .triadj, and dyad axes of' , / ■ /V ■ . ■ . 

symmetry. . Other grades of ( ' *0 y *0 / *u\ \ ^O. ! 

symmetry, pe.ntad, ■ heptad, ■ \ / i__J ./ • \ 

octad, etc.j are not possible in A B , C , D 

cp^stals The study of theforms 72.-Axes of Symmetry, 

of crystals IS a special branch of 

chemicar phy sics— Sufficient is here stated to give/the 
student an idea of a few special terms in co.mmonnse. 

The seven systems of crystal architecture.— Every known ciystal 
can be referred to one of the following seven systems ; 

I. Triclmic system. — Crystals of this system have no axes nor planes 
of symmetiy. This sjj’stem has also been designated the “anorthic,” 

“ clino-rhomboidal,” “ asymmetric,” or the “ double oblique ” system. 

Examples. — P otassium dichromate ; copper sulphate — CuS04.f)H2O ; calcium 
thiosulphate — ^GaSgOa.OHgO ; boric acid ; potassium ferricyanide ; anhydrous 
manganese sulphate ; capper seienate ; anorthite — lime felspar ; cryolite ; etc. 

IL MonocHnic system.— Members of this sj^stem have one plane of 
symmetry, or one dyad axis of symmetry, or both a plane and dyad axis. 
This system has also been styled the monosymmetric,” “ clinorhombic,” 
or the “ oblique ” system. 

Examples. — B orax— NagB 407,1 OHgO ; gypsum; ferrous sulphate— FeSO 4, 
7H3O ; sodium carbonate — NagCOg.lOH^O ; felspar — orthoclase; sodium sul- 
phate— Na2SO4.10H2O ; ammonium magnesium sulphate — K2SO4.MgSO4.6H2O ; 
potassium chlorate ; potassium tetrathionate — K2S40g ; tartaric acid; sulphur — • 
from fusion; cane sugar ; arsenic disulphide — realgar; etc. 

III. Rhombic system. — Here the crystals may have three planes of 
symmetry, and tliree dyad axes of symmetry. This system is sometimes 
called the “ orthorhombic,” “ trimetric,” or the ‘‘ prismatic ” system. 

Examples. — Z inc sulphate — ZnS04.7Ha0 ; magnesium sulphate — MgS04. 
7H3O ; ammonium magnesium phosphate — NH4MgF04.6H2O ; potassium 
aulpliate ; arragonite ; anhydrous sodium or .silver sulphate ; sulphur from 
solution ; barytes ; sodium arsenate ; sodium pho.sphate — KaH2P04.Ho0 ; 
iodine ; potassium nitrate ; tartar emetic ; potassium, chlorate ; “ potassrum 
permanganate ; topaz ; marcasite ; pyrrhotite ; tin ; tridymite ; silver nitrate ; 
lead carbonate ; silver sulphide ; ferrous sulphate — FeS04,7H20, etc. 

IV. Tetragonal system. — ^The members of this system may have five 
planes 01 symmetry, one tetrad, and maybe four dyad axes of symmetry. 
This system is sometimes called the “ pyramidal,’’ “ quadratic,” or the 
“quarternary ” system. 

Examples. — R utile ; cassiterite ; zircon ; mercurous chloride ; potassium 
ferrocyanide ; nickel sulphate ; potassium hydrogen, phosphate — K.H2RO4 ; 
native lead molybdate — PbMo04 ; sodium meta-antimbnite — KaSbOg ; potassium 
hydrogen arsenate — KH2ASO4 ; scheelite ; tin ; strychnine sulphate ; etc, 

. V. Trigonal system. — The crystals of this system may have three planes 
of symmetry, one triad, and three dyad axes of symmetry. This system 
is sometimes called the “ rhombohedral ” system, and it is sometimes 
regarded as a special development of the hexagonal system. 

Examples* — S odium periodate— 'quartz; tourmaline; miti- 
mony ; bismuth; calcito ; kef grapffite:;,' sodium 'nitrate ; arsenk ; nkkel 
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tulp'hklc — niiilei’ite ; cinnabar ; calcium chloride— GaCia.iilljjO : comndum ; 
cadmium carboiuiic ; bismuth iodide i fen*ous carbonate j zinc carbonate; 
inunganesc carbonate ; etc. 

' VI. Hexagonal system.— -Here the crystals may '.have, seven planes of 

symmetry, one hesad, and six dyad axes of symmetry. 

Exaiviples.-— Beryl • apatite ; cadmium sulphite — greenockitc • copper sub 
phicle : lea.d iodide ; magnesium ; beryllium j zinc 5 cadmium ; calcium ; 
pyrrhottitc ; etc. 

VIL Cubic system.— The crystals in this system may have nine planes 
of symmetry, six dyad, tliree tetrad, and four triad axes of symmetry. 
This system has been variously styled the “isometric,” “regular,” 
“ tesseral,” “ octahedral,” or the “ tessurai ” system. 

Examples. — E iamoud ; potassium chloride ; sodium chloride ; alum; lluor- 
spar ; iron pyiitcs ; load nitrate ; magnetic oxide of kon ; barium nitrate ; 
ammic trioxide ; galena; garnet ; ammonium chloroplatinate ; silver chloride ; 
boracito ; iron ; platinum ; lead ; phosphorus ; gold ; copper ; silver ; arsenic ; etc. 

§ 5. The Internal Structure of Crystals. 

Imagine two hundred brilliant violin players playing the same piece with per- 
fectly tuned instruments, but commencing at different places selected at 
random. The effect would not be pleasing, and even the finest ear could not 
recognize -what was being played. Such music is made for us by the mole- 
cules of gases, liquids, and ordinary solids. They may be highly gifted 
moleciiles with a marvellous internal structure, but in their activity, each 
disturbs the others. A crystal, on the other hand, corresponds with the 
orchestra led by a vigorous conductor wdien all eyes intently follow his nod, 
and all hands follow the exact beat. This picture enables us to understand 
how' crystals can exhibit %vhole ranges of phenomena quite wanting in other 
bodies. To me, the music of physical law sounds forth in no other depart- 
ment in such full and rich accord as in crystal physics. — W. VoioT, 

Crystals are not only peculiar in the regularity of their external shape, 
but they also possess a definite internal structure. The properties of 
crystals are not always the same in different directions. The hardness, 
elasticity, crusliing strength, rate of solution in acids, optical, thermal, 
and electrical properties are generally different in different directions. 
This means that the elasticity, refraction of light, thermal expansion, etc., 
of a crystal is usually different when measured in different directions. 

In illustration, let a slice of quartz be cut perpendicular to the long axis, 
and another slice be cut perpendicular to this ; let each slice be covered 
witli wax, and pierced at the centre so that a w^ire can be inserted and 
heated by an electric current. The wax naturally melts about the hot wire. 
In the former case, the molten wax wdll form a circle ; and in the latter case, 
an ellipse. If a crystal of calcite be hung in a beaker of dilute hydi’ochlorio 
acid by means of a platinum wire, solution does not occur at a uniform 
rate over the wdiole surface, but the crystal dissolves more rapidly in 
one direction than in another. With salt, cubic system, the rate of 
solution is the same in all directions. Again, the rate at wdiich light 
travels through cubic crystals iS the same in all directions, but not with 
members of the other systeM. 

The external form of crystals is -their most obtrusive characteristic, 
and it^ was naturally the first to arrest attention ; but the geometrical 
shape is by no means the most chara;ctenslic property of crystals, because 
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tlie external geometrieal form may fee destroyed^ and yet the fragments 
do not c-ease to be crystals. On. the 'contrary,-, the most perfect glass model 
of a crystal ' is not a crystal, , because -it lacks- the characteristic internal 
properties of crystals,^ In the ease of granite (Fig. 3), the crystals of 
feispar, q'liartz, and mica lia¥e been so 'crowded during their growth that 
they have had .no chance to develop their characteristic .external shape. 
The Internal structure of ' each ^ minerai, . however, is characteristic, , A 
crystal , has . therefore been defined 'as ‘'a solid body bounded by plane 
surfaces' arranged according to definite laws, and possessed of definite 
ph^^'sieal properties. Both the external form and the physical properties 
result fro'in a tiefinite internal structure.’" " The essential difference between 
crystaiHne and amorphous , substances is one of internal -structure, ' not 
necessarily external shape. 

An amorphous substance is one which, during “ solidification,” has 
not taken the definite external shape characteristic of crystals, and the 
properties when measured in any one direction are the same as when 
measured in any other direction. In this case it is assumed that the 
constituent molecules are arranged haphazard. In crystals, on the con- 
trary, where the properties along paraller directions are the same, but 
different in directions that are not parallel, it is assumed that the ultimate 
molecules, or their motions, are oriented or arranged in a definite regular 
manner. W. Voigt. (1906) aptly illustrates this idea by the metaphor 
cited above. ■ 

§ 6. The Growth of Crystals. 

The very molecules appear inspired with a desire for union and growth. — 
. J. Tyndall. 

We do not understand the phenomenon of crystallization, nor do we 
know how crystals grow. Tiie facts indicated in the preceding sections 
have made us ahnost certain that crystals grow" by accretion, molecule by 
molecule, like bricks in the hands of the builder, and in accord with “ an 
architectural jilan more elaborate and exact than that of any human 
architect,” TOiatever be the actual size and shape of the structural unit, 
it is equally certain that (1) the structural units or moUoiiles of crystals 
of the same chemical suhstancei under similar conditions ^ must he alike in 
size^ and in the distribution of their attractive forces ; (2) the relative position 
of any one molecule must he symmetrical iviih that of every other molecule ; 
and (3) that the way the molecules are packed in and along all parallel pjkmes 
must he the same, No other arrangements can be regarded as possible in 
a crystal. Hence the study of crystal structure is reduced to the investiga- 
tion of the possible arrangements of networks of structural units in space 
— called spare lattices — ^whieh satisfy these conditions. Mathematicians 
have shown that 230 different methods of packing are possible, and that 
all these can be classified into seven groups eon-esponding with the seven 
systems of crystal architecture indicated above. 

^ The shapes of gems cut and polished tq accentuate the ornamental value ot 
the gem must not be confounded with cr57stal structure. Similarly, the tcjrm 
“ crystal applied to cut glass has a different . meaning from the special use of the 
word *■ crystal ” in the text. Transparent gla^ is' not crystalline i some varieties 
of opaque glass are more or less crystalline, ' . . ' ’ ‘ ' 
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It is shoM’Ti in test- books on physics that when a beam of light strikes 
a series of very fine lines ruled regularly on the surface of a metal or glass 
plate, each line acts as a fresh centre from which a secondary train of 
light waves is difiracted. The diffracted rays enhance some of the 
normal light waves and damp down others ; and the net result is that the 
beam of light is analysed into a series of spectra. A crystal behaves as a 
solid wltir a continuous surface when exposed to ordinary light, but 
M, Laue showed, in 1912, that with X-rays having a wave-length of the 
order lO""® cm., the crystal acts as a kind of grating, owing to the regular 
disposition of the structural units. W, Eriedrich and P. Knipping applied 
the idea and allowed the diffracted X-rays to impinge on a photographic 
plate after passage through the crystal The diffracted rays produced 
spots on the developed paper which corresponded with structural units 
eneounterod by the rays in passing through the crystal The idea was 
developed by W. H. Bragg and others, and the data so obtained allow the, 
disposition of the structural units of crystals to be determined. As a 
result, the space lattices of the crystals of most of the elements and many of 
their compounds have been determined, and the distances apart of the 
different units measured. The diamond has interpenetrating cubic 
lattices, so also have silicon, germanium, and grey tin ; while white tin 
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Fia. 73. — Body-centred 
Cubic Lattice, 


Fig. 7^*-, — Face-centred 
Cubic Lattice. 


Fig. 75. — Close-packed 
Hexagonal Lattice. 


has a tetragonal lattice. The elements Li, Xa, K, Pb, V, Ta, Cr, Mo, 
W, and a-Fe have body-centred cubic lattices, Fig, 73 ; Cu, Ag, An, Ca, 
Al, Pb, y-Fe, Xi, Rh, Pd, Ir, and Pt have face-centred cubic lattices ; 
Be, Mg, Zn, Cd, Hg, Ti, Zr, Ce, Co, Ru, and Os have close- packed hexagonal 
lattices, Fig. 75# The crystal unit of compounds may contain two or 
more moiecuies of the same substance. There is no sign of chemical 
combination because the packing of the units in the crystal are dominated 
by the ciystalline cohesive forces, while the chemical forces binding the 
atoms in the molecule aj^pear to play a subordinate part. 

When a crystal is growing, curiously enough, the liquid in the imme- 
diate vicinity of the growing face is more concentrated, for it contains 
more of the dissolved substance per unit volume than the liquid a short 
distance away from the growing face. At first sight, it seems as if the 
growing crystal exerts some kind of attraction on the molecules of the 
dissolved substance a short distance away. For instance, if a saturated 
solution of zinc silicate in molten lead borosilicate tinted with cobalt 
silicate be allowed to crystallize, the crystals of wiUemite which separate 
will also abstract the cobalt silicate from the solution, and form patches 
of beautiful “azure blue” eiystals in a colourless matrix. If no 
crystallization occurs, the matrix will, be uniformly coloured an intense 
blue. 

The kinetic theory of crystal growth.— The kinetic theory has 
taught US that, during crystallization, it is probable that a series of 
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Fig» 77. — ^Growth of Qtiartz Crystals aboiit 
Sand Grains. 


76. — Imaginary Diagram ol 
Growing Crystal, 


'exchanges between the molecnles of the crystal "and the; moleenles of 
the ' Solution are going on ^ all over the surface ■ of the growing crystal. 
Alolecules of the dissolved substance are attracted to the surface of the 
growing crystal, the molecules of the crystal' continually pass into solution 
again. If . the crystal , is growing, more molecules are deposited on the 
crystal than are lost, in unit time ; and' if the crystal is dissolving, less 
molecules are deposited on the crystal tha.n are lost in a unit of time. 

Let Fig, 76 represent, diagrammaticaUy, a growing crystal, one face 
of which is incomplete; and assume 
—as R. Hooke did ,iii 1665 — that the 
.structural units are spherical molecules. 

If a, sphere lodges against a completed 
face, it can touch ilree other spheres, 
and whether or not the molecule 
leaves, the growing crystal wiU depend 
upon the force of attraction exerted 
upon it by the three contiguous mole- 
cules. Again, suppose that a sphere 
lodges on the little ledge formed by the 
top layer of the incompieted face. li will then touch instead of thTe& 
spheres ; and it will be held in place by the attraction of five contiguous 
spheres. 

Obviously, therefore, (1) during the exchange of molecules between 
the growing crystal and the solution, those molecules which have been 
deposited on the growing face will be retained more tenaciously than 
those deposited on a completed face ; {2) as soon as a few’- molecules 
happen to be deposited in Juxtaposition on the face of a crystal, subsequent 
growth on that face will be more rapid than the sporaciic growth elsewhere ; 
(3) an incompieted layer will 
rapidly extend until it covers 
the entire face of the crystal, 
etc. These deductions are 
in harmony wdth known 
facts. In illustration, if one 
part of a crystal be damaged 
the injured part will grow 
more rapidly than the other 
parts of a crystal until the 
injury disappears, and the 
perfect crystal is restored. 

Further, if a crystal be re- 
moved from a solution in 
which it is gro-wdng, it does 
not lose its power of growth, for if the crystal be placed in a suitable eiivkon- 
ment at any future time, it will continue growing as if there had been no 
interruption. These two statements are demonstrated by the sketch. 
Fig. 77, from a remarkable photograph. Some quartz crystals, grown during 
some former geological period, have lost their external ciystalline form by 
attrition as they “ knocked about the -world — ^blowm about as sand in the 
deserts, washed down the iiilLside in streams of water, etc. — ^and they were 
finally deposited as rounded sand grains along "with the mountain limestone 
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frora some.preiiiatoric sea. ' There the damaged, crystals — sand grains— -met 
a suitable emdroBmeiitin later years— probably water percolating tlmougli 
the liinestone, rocks, and carrying silicic- acid in soiiition. The .damaged 
crystals .were repaired. Each sand grain, now imbedded In .each of the 
repaired crystals, served as a foundation for rebuild.ing .the ciamaged 
quartz crystals on the original architectural plan. 


§ 7. Isomorphism— Mitscherlich^s Law. . 

,■ , .Tlie.laws of nature represent design | 'they are embodied design.— P. Oaeus. , ' ' 

While making preparations of the arsenates and phosphates of potas- 
sium and animoriiuni, E. Mitscherlich, 1818, noticed that the ciystals were 
so like each other as to be indistinguishable by simple inspection ; and a 
closer examinat ion led jllitscherlich to conclude : ( 1 ) that bodies of different 
chemical composition may have the same crystaUine form ; (2) substances 
of similar constitution have the same crystalline form. Mitscherlich 
wTote : “ The same number of atoms combined in the same manner produce 
the same crystalline form ; the crystalline form is independent of the chemical 
nature of the atoms, and is determined solely by their number and mode of 
comhmation,''^ — MitscherliclC s law» He noticed that the acid arsenates 
and phosi3liates of potassium and ammonium crystallize in similar tetra- 
gonal forms, and that one element or group of elements may be exchanged 
for another which appears to act in an analogous manner. Thus arsenic 
may be exchanged for phosphorus ; and potassium for ammonium without 
affecting the form of the crystals. In Mtscherlich’s words: Every 
arsenate has its corresponding phosphate, composed according to the 
same proportions, combined with the same amount of water of crystalliza- 
tion, and endowed with the same physical properties ; in fact, the two 
series of salts differ in no respect except that the radicle of the acid in the 
one series is phosphorus, while in the other it is arsenic.” 

Besides the phosphates and arsenates, Mitscherlich observed that 
mineral carbonates: calcite — CaCO^; dolomites — CaMg(C 03 ) 2 ; chaiy- 
bite — FeCOg; and dialogite — ^MnCOg — all form isomorphous crystals in 
the trigonal system (Fig. 137) ; again, the mineral sulphates; barytes — > 
BaS 04 ; celestine — SrSO^; and anglesite — PbS 04 — all form similar 
rhombic crystals ; aragonite, CaCOg; witherite, BaCOg; strontianite— 
SrCOg ; and cerussite — ^PbCOg* form isomorphous rhombic crystals 
(Fig. 137) ; etc. Mitscherlich applied the term isomorphism — from the 
Greek hos (isos), equal; (morphe), shape — to connote the fact 

that analogous elements can replace one another without affecting the 
apparent shape of -the crystals. 

Mitscherlich’s law of isomorphism, as well as the phenomena of poly- 
morphism, appear to contradict Haiiy’s law (p. 206), but later investigations 
have shown that the crystals of isomorphous substances are not absolutely 
identical, but only similar in form. , There are small but real differences 
between the members of an isomorphous series of compounds. Thus, 
A, I-O. H. Tiitton found that in the isomorplions seienates and sulphates 
of potassium, rubidium, and csesium, speciffo chemical replacements are 
accompanied by clearly defined changes in the crystal structure along 
specific directions. Thus, when the basic element, say, potassium, in an 
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alkaline^ sulphate or selenate is replaced, by another of the same alkali 
.family group.^ rubidium/ or caesium, -the greatest alteration occurs In the 
crystal angles corresponding %nth an elongation of the vertical axis ; and 
wlicni t.he acid-forming element, sulphur is replaced by selenium, its family 
aiiaiogue, the greatest expansion takes place along the horizontal axes of 
the - crystals. The- diagram, Eig. 78, shows, in. an exaggerated maiiner, the 
effect of replacing potassium i.n potassium sulphate or selenate bj- the 
basic '-elements rubidium' or csesium, 

Retgers* law of mixed crystals.— -Extended observations have multiplied 
examples of substances which possess a similar 'Chemical constitution and 
a similar crystalline form ;■ But at the same -time the.'Observations have also 
brought into prominence the fact that substances which ciy stall ize in 
similar or identical forms — particularly in the cubic system — may exhibit 
wide divergencies in chemical constitution. The converse of IMitscheiiich’s 
law^ does not, therefore, hold good. Similarity of chemical composition 
or similarity in crystalline fonn are not adequate tests for isomoip^hism. 
Mtscherlich also stated that ‘‘while substances of different crystalline 




Fm. 78. (After A. E. H. Fig. 79.-— Specific Volumes of Mixed Crystals 

Tutton.) of Ammonitim and Potassium Sulphates. 

form cannot combine other than in fixed proportions, substances of the 
same crystalline form can crystallize together in all proportions ” ; and 
J. W. Retgers (1889) considers all important the property of forming 
mixed crystals in all proportions such that “ if the percentages of one 
constituent of the mixture he plotted as abscissae, and the corresponding 
magnitudes of the physical properties be plotted as ordinates, the different 
points lie in a continuous line,” or the physical properties of isomorphous 
mixtures are continuous functions of the percentage composition — 
Retgers’ law. Physical projierties here include geometrical, optical, 
thermal, elastic, and electrical properties, but on practical grounds, Retgers 
considers specific gravity, or the reciprocal of specific gravity specific 
volume — ^to be the most suitable property for investigation. An example 
is indicated in Fig. 79, wdiere the specific volume of mixed crystals of 
potassium and ammonium sulphates are plotted. The continuity of the 
curve shows that the specific gravity or specific volume and chemical 
composition of the mixed cr^^'stals are , isomorphous. The curves some- 
times show a break, as is the case with ,Mteberllch'‘s> phosphates, showing 
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. that the two substances are not' miscible in all proportions, but the two 
portions of the curve are parts of one straight line corresponding , with the, 
isomorphous character of the tw^o salts. If the curve show^s a kinls; or 
abrupt bend, the two salts, even if perfectly miscible in' all proportions, 
would, not, according to.Retgers’ definition, be called isomorphous. . For 
i,nstaiice, ammonium and ferric chlorides are not isomorphous although 
octahedral ammonium chloride forms coloured mixed crystals by taking 
up a smaE amount of ferric chloride. In special cases, double compounds 
may be formed ’ivhich interfere with the appHeation of Betgers’ rule— 
'C.0. potassium and silver nitrates form KAg(]SI03)2; and potassium 
chloride and cupric cHorlde—-GuCi2.2H20 — form 2KC}.CnCl2.2H20. 

Overgrowths,— -If a crystal of dark violet chromium alum be placed 
in a saturated solution of ordinary potassium alum, a transparent colourless 
oveigrowth of potassium alum is deposited as a crust over the dark- 
coloured chromium alum as a nucleus. Similarly, a crystal of colourless 
zinc sulphate — ZnSG4.7H20 — can be coated with an overgrowth of green 
nickel sulphate— ; cr^-stals of sodium nitrate grow on 
Iceland spar ; and a pale amethyst triclinic crystal of manganese sulphate 
— can be coated with blue copper sulphate— CUSO4.5II2O, 
etc. H. Kopp (1879) stated that this power of forming overgrowths, as 
w^ell as the power of forming mixed crystals, enables isomorphism to be 
detected even when no particulars about the crystaEine form or about 
the chemical composition are available. There are some exceptions to 
the test for isomorphism — ^trigonal potassium sulphate can be coated 
with a layer of hexagonal potassium sodium sulphate — ^KNaS04. 

Tests for isomorphism, — Substances which satisfy the three tests s 

(1) SimEarity of crystalline form (Mitscherlich) ; 

(2) Formation of mixed crystals (Eetgers) ; and 

(3) Formation of overgrowths (Kopp), 

are generally of analogous chemical constitution, and accordingly isomor- 
phous. None of these tests is an infallible criterion, and here, as is so often 
the ease, a conclusion can be drawn only after carefuEy balancing the 
available circumstantial evidence. 

Isodimorphism. — Each of the sulphates ESO4.7H2O (where R may 
be Mg, Zn, Ni, Co, Fe, Mn) is dimorphous, forming rhombic and also 
monoclinio crystals. The rhombic crystals of all the salts form one iso- 
morphous series, and the monoclinie crystals of all the salts form another 
isomorphous series. This phenomenon — ^two independent series of iso- 
morphous salts — is caEed isodimorphism. Monoclinie felspar — ortho- 
clase — often contains sodium ; wlnie triclinic soda felspar* — aibite — often 
contains potassium. Hence P. Groth (1874) inferred that this is a case of 
isodimorphism, and that two pure varieties — monocEnio and trielinic soda 
and potash felspars should exist. The prediction was verified two years 
later by the discovery of microcline, the tricEne form of potash felspar, 
and later stiE by the discovery of barbierite, the monoclinie form of soda 
felspar. Sodium phosphate forms t^vo distinct crystals — rhombic and 
monoclinie. The arsenate appears in only one- of these forms. Hence it 
is inferred that a monoclinie sodium arsenate isomorphous with rhombic 
sodium phosphate remains to be discovered. 

Homeomorphism or isogonism.— rSubstances which differ in chemical 
constitution but have a sinnlar crystalEne form are said to beisogonic or 
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liomeomorphic, to distinguish them -from isomorphous substances* For 
examples aragonite, CaCOg nitre, -KNOg ; barytes,. BaSO.!.; and -potas- 
sium permanganate, KMn04, have a similar crystalline form, but a.: dif- 
ferent chemical constitution. . The application of the X-ray diffraction': 
spectrum enabled W. H. Bragg, to show that' the structures of crystals of 
calcium carbonate and potassium nitrate are similar.. Again, cinnabar,. 
HgS,; susannite, P'bSO^.^PbCOg ; ,potassium hydrosuiphate, K,HS04, 
and felspar, KAlSigOg, are not isomorphous,. in spite' of their external 
resemblance. 

§ 8. The Rectification of Atomic Weights by Isomorphism. ' 

The law of isomorphism can be used as a control in deducing the 
chemical composition of a salt ; and also in atomic weight determinaticms 
for deciding between two numbers winch are multiples of a common factor. 
The method is restricted to crj^stailine compounds ; and it is only applicable 
in conjunction with other methods of atomic weight determinations since 
at least one member of the isomorphous series must be known. 

Mitscherlich deduced the number 79 for the atomic weight of selenium 
by this method, and he also gave selenious and selenic acids formuije cori’e- 
sponding with sulphurous and sulphuric acids respectively, on account 
of the isomorphism of the sulphates and the selenates. The analyses of 
potassium sulphate and of potassium selenate gave : 

Potassium. Oxygen. Sulphur. Selenium. Total. 
Potassium sulphate . . 44*83 36*78 18*39 — — 100*00 

Potassium selenate * . 44*83 36*78 — 45*40 — 127*01 

Assuming that the molecule of potassium sulphate contains one atom of 
sulphur; that the molecule of potassium selenate contains the same 
number of atoms ; and that the atomic weight of sulphur is 32, have ; 

Atomic weight S ; Atomic weight Se = 18*39 : 45*34 

Hence, 

32 I Atomic weight Se = 18*39 I 45*34 
.*, Atomic weight of selenium == 79*00 

About 1836 the atomic weight of copper was supposed to be 63*4, and 
of silver, 216*6. The analysis of the native sulphides of these elements 
were accordingly represented by the formulae CuaB and AgS. But 
J. B* Dumas (1837) pointed out that the two minerals are isomorphous, 
and various mixed sulphides of the two elements are known by the general 
term : “ fahlore.’* Hence the constitution of the tw^o sulphides is probably- 
the same. Assuming the formula of the one is CugS, the formula of the 
other will probably be AggS ; and the atomic weight of silver 108*3, not 
216*6. This result agrees with evidence deduced from other independent 
sources. More exact determinations of the atomic weight of silver make 
this element 107*9 : but tins does not affect the principle of the argument. 

Example. — Analyses of alumina show that A1:0™ 18*1: 16; the equivalent 
of aliimmium is 9*03 ; hence the formula of alumina might be : 

AiO ALOg AlOg AlOg ... , 

0 ; A1 . . . 16 : 18*1 48 tl7'l '■ 32 :'36*2^ 48 : 54*2 . . . ' 

that is, the atomic weight of aluminium might be' 18*1, 27*1, 36*2, 64*2 . . « There 
is nothuig in the composition of the o:^d© to' show which of these numbers should 
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be cseleoted. It Is .kiiomTi, however, that ferric oxide— -F egO,j|— forms a series of iron 
alums isomorplioiis, vnth' the. aliimimiim alums ; hence it is inferred that the 
constitution o'f alixmiiiium oxide is AlgOg, like that of, ferric oxide, and that the 
atomic weight of aluminimn'is 27*1. 


Questions. 

1. State the law of isomoi’phism, and give examples of its utility in fixing the 
atomic weights of elements. — 8t, Andrews Univ, 

2. Sodium sulphite, Ka 2 S 03 . 7 H 20 , forms colourless monocUnic crystals, with 
a saline taste, and alkaline reaction^ The crystals effloresce in dry air ; they are 
soluble in water; and become anhydrous when heated to 150°. At a higher 
temperature the crystals decompose, forming a yellow liquid.” Explain the 
meaning of the terms In italics in this quotation. 

3. “‘ The element sulphur is dimorphous. It occurs in hath, rhombie and 
monodinic crystals, and also in an amorphous condition.” Explain the meaning 
Df the terms in italics in this quotation. 

4. Discuss the statement of Mitscherlieli that equal numbers of atoms similarly 
combined exhibit the same crystalHne form ; identity of crystalline form being 
independent of the chemical nature of the atoms, but conditioned only by their 
number and configuration. Point out the precise value, as well as the limitations 
of this “ law ” as regards its bearing on chemical classification.— ^Sefewee mid Art 
Dept, 

5. State the law of isomorphism ; illustrate its application to the determination 
of the class relations of the elements, and point out apparent exceptions to the 
law, — London XJniv, 

6. Explain the meaning of the terms solution, saturated solution, and crystal- 
lization. Show how it can be proved experimentally that hot water is generally 
a better solvent than cold water, — Cape XJniv, 

7. If the solubility of sodium chloride in water at 20° is 35' 6, how much 
water will be needed at this temperature for the solution of a kilogram of the salt ? 
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Ozone and Hybbogen Peroxide ' 

, § . L The ■ Modes of Fonnation, and Preparation of .Ozone, 

Ozone. Molectilar weight, O 3 — 4S. Boiling point about —120*. Reiativo 
vapom* density (Hg — 2)> 46-65 ; (air = 1) 1*62." 

The formation of Ozone. — Ozone is produced by the action of the uiira- 
vioiet rays and radium radiations on oxygen. It is said to be formed by 
the violent mechanical disturbance of air as when grinding wheels are being 
tested for bursting speed ; but the effect may here be due to the electrifica- 
tion of the air. Ozone can generally be detected in the oxygen gas obtained 
during the electrolysis of acidulated water (p. SB), By the electrolysis of 
sulphuric acid (between T075 and 1*1 specific gravity), with an anode 
made by imbedding platinum foil in glass and grinding aw^ay the edge, so 
that a line of platinum, 0*1 mm. broad, is exposed, oxygen containing 17 
to 23 per cent, of ozone has been obtained. The yield increases with 
increasing current density. The presence of ozone can be shown by means 
of a strip of paper wetted with a solution of starch and a little potassium 
iodide. The paper so prepared becomes blue with ozone, not with oxygen. 

The oxygen liberated by many reactions also contains ozone. For 
instance, manganese dioxide and sulphuric acid; barimn dioxide and 
sulphuric acid ; potassium permanganate and sulphuric acid, persuiphuric 
acid, persulpiiates, etc. Purified potassium chlorate gives ox^^^gen free 
from ozone, but if traces of some indifferent substances be present, ozone 
may be formed. When fluorine decomposes water forming hydrogen 
fiuoride and oxygen, from 13 to 14 per cent, of the “ oxygen gas is ozone. 

Ozone is formed during the slow oxidation of many substances. Ozone 
can be detected in the atmosphere of a flask containing a couple of sticks 
of clean i)hosphorus. J. H. van’t Hofl expressed the opinion that the 
effects attributed to ozone may possibly be due to neutral or charged atoms 
of oxygen. The ozonized air is obtained by aspirating the air through 
a flask containing clean pieces of phosphorus partially submerged in water. 
Ozone is also said to be formed when turpentine, several hydrocarbons, 
coal tar, and many essential oils are oxidized. J. K. Boeke thinks that the 
effect is due to the formation of nitrogen oxide. Ozone is said to be formed 
during the combustion of ether as well as during the combustion of hydrogen 
compounds generally. At any rate, the , potassium iodide test indicates 
the formation of ozone (or hydrogen peroxide) when a spiral of hot platinum 
is placed above the surface of a little ether in the bottom of a beaker. The 
ether burns on the surface of .the' platinum^ the platinum remains 
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iiieandesceiit as long as any ether remains in the beaker. Agaiiij if a 
strong Jet of air be blown tlnongh the upper portion of a Bunsen’s flame ; 
or if a weiy narrow tube be presented to the lower edge of a Bunsen’s 
flame and . a slow current of air be aspirated through a, little potassium 
iodide dissolved in w’^ater, the .ozone .(or hydrogen peroxide) reaction is 
obtained.' 

Ozone seems to be fairly stable at ordinary temperatures, although it 
gradually decomposes on standing. ■ It also appears to be fairly stable 
at high" temperatures, while .at intermediate temperatures it is. unstable. 
Hence ozone may be formed by heating '.oxygen to a high temperatur.e, 
and, by suddenly chilling the gas, it can be cooled below the temperature 
at which it is very unstable without being ail decomposed. The chilling can 


Ozonized 


Fig. 80. — Preparation of Ozone with Siemens’ Tube. 

be done by blowing air or oxygen against the hot pencil of a Nernst’s burner ; 
or by dipping a hot Nernst's pencil, or hot platinum wire in liquid air. 

Method of preparing ozone. — ^The most usual method of making ozone, 
or rather of preparing ozonized air and ozonized oxygen is to expose air 
or oxygen to a silent discharge of electricity. Quite a number of instru- 
ments are available. That illustrated at AB, Fig. 80, is virtually the 
one devised by W. von Siemens {1858). Siemens' ozonizer consists of two 
concentric tubes. The inner tube is coated on its inner surface with tinfoil 
in metallic contact with the terminal A ; and the outer tube is coated on its 
outer surface with tinfoil in metallic contact with the terminal B. The two 
terminals are connected with an induction coil. A slow stream of oxygen 
is led from the gasholder <7 through the calcium chloride drying tube B, 
and then through the annular space between the concentric tubes, and is 
there exposed to the action of the silent discharge of electricity, operated 
by the induction coll and battery J?. The gas issuing from the ozone 
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tube or ozonizer is charged mtli 3 to 8 . per cent.. of ozone. , In Brodie\H or 
BeHlielofs ozom tube the tinfoil coatings are replaced' with, sulphuric acid 
(Eig. 84). If air be; used in .place of oxygen, some nitrogen oxides are 
said to be formed at the same time. The presence of moisture is said to 
reduce the yield of ozone, although no difference has been detected in the 
amount of decompositio,ii.of the dry and 'moist gas when heated for some 
time at lOO'h 

The formation of ozoiie'.by the evaporation of' water or dew is said to 
account for the, bleaching of li.neii spread on lawns. 

Much atmospheric' ozone seems to be. formed by the action of solar 
ultra-violet ..light in tlie.upper. regions' of the at,mosp,liere, ,. Ozone is here 
present in relatively greater prop,ortions thus, on the Alps^ at an altitude 
of 20 kilometres the air had 5 parts' of' ozone '.per million (volumes) ; and 
at an altitude of ■ 2*1 kilometres, haM this proportion.^ Electrical dis- 
charges .in. the. atmosphere also,, produce ozone* . .Homer in several 
passages .referred, to the . odour which .'attended the “ thunderbolts ’■ or 
.flashes of lightning. . , 

'§ 2. Properties and Occurrence of Ozone. 

Ozonized air has ,a strong' unpleasant smell. , ' The smell reminds some 
people of .sulphur dioxide, others of garlic, and others of c.hlorme. If am 
highly charged with ozone be breathed for any length of time, it produces 
headache ; but in minute quantities the odour is pleasing and refreshing. 
Ozone is slightly soluble in water — 100 volumes of w-ater at ordinary 
temperatures and pressure dissolve about one volume of ozone — and the 
water smells of the ozone and exhibits many of the properties of ozone. 
The water slowly reacts with the ozone.® Ozone is dissolved by essential 
oils — ^turpentine, thyme oil, cinnamon oil, etc. The imsaturated carbon 
compounds with a double bond between . carbon atoms absorb ozone 
quantitatively, forming ozonides, whereas those with a triple-bonded 
carbon atom do not absorb ozone in the same way. Thus, butylene, 
C 4 H 8 forms the two ozonidas G 4 H 8 O 3 and C 4 H 8 O 4 . 

Action on potassium iodide. — ^Unlike oxygen, ozone liberates iodine 
from neutral potassium iodide. This can be shown by dipping paper in 
a solution of potassium iodide and holding it at the exit tube of the 
ozonizer. The paper turns brown owing to the liberation of iodine. If a 
little starch be mixed with the potassium iodide, the paper ■will appear 
blue. The reaction is usually represented ; 

O 3 + 2KI + HaO = 0, + I, ' + 2iMH 

Ozone. Oxygen. Potassium hydroxide. 

The potassium hydroxide is alkaline. Hence if red litmus paper be 
steeped in water containing a trace of potassium iodide, the moist paper, 
when exposed to ozonized air, will be coloured blue owing to the action 
of the potassium hydroxide on the red litmus. If ozone acts upon an 
acidified solution of potassium iodide, the result is different from that which 
occurs with neutral potassium iodide. The action also depends upon the 
temperature and the strength of the solution (B. Brodie, 1872). 

^ Ozone is decomposed by cork and indiambber, ^In , consequence, these 
materials should not be used for any part of the ozonizer in contact with the gas. 

The so-ealied “ ozone water is lar^ly a mi:fcture d£ nitrogen oxide, chlorine, 
hypochlorous acid, and calcium hypochlorite. , ^ 
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' Tlie method used.. for the. determination of ozone in air, etc., is' based 
upon the reaction, symbolized, above. A known volume of air is. drawn 
tiirougli. ■ a; iieiitral solution, of potassium iodide, and the liberated' iodine 
is determined "by acidifying the solution, and titrating the liberated iodine 
with a standard" solution of sodium: thiosulphate, as wiil^ be indicated later. 
The standard method for estimating ozone .in, say, the atmosphere is to 
expose ozone test papers ^ for a definite time to the air and compare the 
resulting tint with a standard scale of colours obtained with ' air containing 
known quantities of ozone. Since other o.xidizing substances, likely to 
be I'iresent in air, produce a similar reaction, it is a moot question whether 
the' large number of ‘'ozone determinations ’’ which have been ' made 
really represent ozone, or hydrogen peroxide, nitrogen oxides, chlorine, 
etc. ' Rather does the result of the test represent the presence of '' oxidizing 
substances.” 

Oxidizing action of ozone. — Ozone is a very powerful oxidizing 
agent. Organic matter — cork, rubber, etc. — is rapidly corroded by ozone. 
Paper coloured by a solution of indigo sulphate or a solution of litmus 
is bleached. Other substances — hydrogen peroxide, chlorine, nitrogen 
oxide, etc. — give these reactions and hence the tests do not distinguish 
between ozone and the compounds just named. Put a globule of mercury 
in a small fiask, pass ozonized air into the flask and shake the globule of 
mercury about. The mercury loses its lustre, and spreads a film over the 
walls of the fiask. The globule of mercury is restored when the film is shaken 
up with water. If a piece of silver foil cleaned with silver sand be heated 
in a Bunsen’s burner for a moment, and while still warm, held in a stream 
of ozonized air, the silver is blackened, owing, it is said, to the formation 
of silver peroxide. Silver perfectly free from the oxide does not 
show the reaction at ordinary temperatures unless the metal be con- 
taminated with some substance like oxide of silver, cobalt, nickel, etc., 
which acts as a catalytic agent. A trace of oxide is supposed to be formed 
w'hen the silver is heated in the Bunsen’s burner. The reaction is cha- 
racteristic of ozone, but it is not very sensitive. Ozone converts dark 
bro\m coloured lead sulphide into white coloured lead sulphate : 
PbS + 4O3 = PbS04 + 4O3. This can be shown by holding a strip of 
paper, whicli has been steeped in a solution of lead acetate and “ browned ” 
by hydrogen sulx)hide, in a stream of ozonized oxygen or ozonized air. 
Many other sulphides — copper, antimony, zinc, cadmium— behave in a 
similar manner. Nickel and cobalt sulphides form peroxides and sulphuric 
acid. A solution of manganese sulphate used as an invisible ink is browned 
by exposure to ozone. 

The action of ozone on peroxides. — Ozone decomposes in the presence 
of finely didded platinum, lead dioxide, manganese dioxide, silver and 
copper oxides. The ozone is converted into ordinary oxygen without 
decomposing the oxides. Hence the reactions are grouped among catalytic 
reactions. The efiect can be shown by passing ozonized air through a 
tube containing copper oxide and testing the issuing gas by ozone 
test paper. No indication of ozone is obtained. When ozone is brought 
into contact with sodium peroxide, the two substances mutually decom- 
pose and oxygen Is liberated;: - '-Oa' d- NagO^ -f H^O « 2 NaOH + 

^ PapoM steeped in an emulsion of starch containing a small proportion of 
potassium iodide are called ozone test papers* 
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: Tlie actidn of the silent discharge on ozone . — The siieni discharge has 
a deozonizing as, well as an ozonizing' effeci on oxygen. The speed of the 
ozonizatiGii , is ,prop.ortioiial to the amount .of .oxygen present, and the 
, speed of the.deozonizatioii is proportional .to the. amount of ozone present. 
.Ill, '.other words, the reaction follows 'the law of opposing reactions. If 
the discharge be passed for an indefinite time, a certain definite limiting con- 
centration of ozone will be reached when the rate of decomposition is ecpia! 
to the rate of formation of , the ozone : ^ 20 3. The greater the pres- 

sure of the ga.s, the greater the yield ; and if the density of the gas be kept 
constant, the yield of ozone is not rery diJferent at temperatures between 
10'^ and '80°. The presence of' moisture, also reduces the yield. (E. War- 
. 'burg, 1906.) 

The action of heat on ozone. — Ozone decomposes slowly at ordinary 
temperatures, and the rate of decomposition is increased by raising the 

> temperature. According to E. Warburg (1902), at 16°, one per cent, of 
pure ozone per litre of oxj^gen decomposes in T7 minutes; at 100% in 
0‘003 minute; at 127°, in 0*0027 minute; and at 1000° the decom- 
position is almost instantaneous, for 0*0007 second suffices for the decom- 
position of of the ozone present. Hence to show the formation 
of ozone at liigh temperatures, the velocity of cooling must foe greater 
than the rate of decomposition. If a tube bo attached to the exit tube 
of the ozonizer so that a slow current of ozonized oxygen can be passed 
through the tube heated to about 300°, the issuing gas will give no reaction 
for ozone with the ozone test papers. Since ozone is formed at very high 
temperatures, there must be a reversal in the stability, before the teiiipera- 
ture of formation is reached. 

The effect of cooling ozone. — By passing ozonized oxygen through 
a tube cooled by immersion in boding liquid oxygen, or by ozonizing 
oxygen in a tube kept at this temperature, a solution of ozone in liquid 
oxygen is obtained. By allowing the liquid to boil, most of the oxygen is 
removed. In tliis manner a deep indigo blue 
p liquid is obtained which is opaque in layers 2 mm. 

thick. The liquid is said to be explosive. By 
allowing the blue liquid to vaporize, A. Ladenburg 
(1898) obtained a gas containing about 86 per 
cent, of ozone ; the liquid is particularly liable 
to explode when it reaches —120° the boiling 
point of ozone. 

The effusion of gases. — T. Graham (1832) 
found that the law* of diffusion, indicated on 
p. 127, holds good for the passage of a gas 
tiirough a very fine aperture in a metal plate. 

Graham called the phenomenon the effusion of 
gases. The speed of effusion is therefore in- 

> versely as the square root of the specific gravity. 

If a gas of density 1)^ flows out of the tube in the 
time and another gas of density Eg flows out 
in the time U, then, according to the law of 
effusion: E^ : Eg = i; : il. R. Bunsen (1857), 
utilized this fact to determine the speciflo gravity bf a gas wffien but 
a small quantity of the gas is aTailaWei/-_In;N» -3. Schilling’s effusion 



Fm. B 1 Bdxilling’a 
Effusion Apparatus. 
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appamtns (1S79) the gas is introduced into a glass tube, luted to a brass 
cover, €1(1 the.^cocks . h, c. Fig. 81. This tube, is .placed in, a cylinder filled 
with . water and ' the temperature is' indicated, bjv the thermometer T. 
.':,Tiie perforated platinum plate is fixed' at h. -The time taken for' the water 
^ to,, press .'' the. gas from the level 0 to the level P on the cylinder is. noted. 
.The 'experimeiit is repeated -with .another gas of known density. ..A« 
liadenberg (1898) used this ■ apparatus -to determine the specific gravity 
ofo,zone. . .. ' 

Example.— A. Ladenberg 41898) found that a. mixture containing 86*16 per 
cent, of ozone required 367*5 seconds to effuse under conditions where pure 
oxygen required 430 seconds. Hence, determine the specific gravity of ozone. 
From the example on p. ISS^ it follows that the specific gravity of the ozonized 
oxygen is 1*3698, oxygen == 1. From the example on p. 32, it follows that the 
specific gravity of ozone is 1'456, if oxygen be unity ; and 46*6 if oxygen 0.^ be 
32. iSTote that this does not establish the molecular weight by Avogadro’s hypo- 
thesis, because, in determining the proportion of ozone in the mixture, by estimat- 
ing the amount of iodine liberated by a given volume of the gas, it was assumed 
that the reaction proceeds as indicated in a preceding equation which in turn 
assumes that the formula of ozone feBs. 

Occurrence of ozone. — Some samples of fluorspar are said to contain 
traces of ozone. Ozone is supposed to occur in small quantities in the 
atmosphere near the seaside where it is supposed to be formed by the 
evaporation of water. According to A. Houzeau, country air contains 
about one volume of ozone per 700,000 volumes of air. The maximum 
amount of ozone in the atmosphere is said to occur during the spring 
months, and gradually diminishes, reaching a minimum in winter. Ozone 
is absent in the air of towns, dwelling-houses, over marshes, and wherever 
organic matter is present. It has been shown that much of the alleged 
ozone may not be ozone at alb This is due to the imperfection of the tests 
employed (p. 221). T. Andrews found that “ oxidizing matter ’’ in the air 
w^as destroyed by heating the air to 260°. This would not be the case if 
the oxidizing matter was chlorine or nitrogen oxide. But we shall see 
very shortly that Andrew^s’ test does not discriminate between ozone and 
hydrogen peroxide. Hence there is some uncertainty about many of 
the reactions where ozone is supposed to be formed ; and also in many 
reports of the proportion of ozone in the atmosphere. 

The distinction between ozone and hydrogen peroxide, — C. Arnold 
and C. Mentzel (1902) propose the use of test papers soaked in an alcoholic 
solution of “ tetramethyl base.” These are not affected by hydrogen 
peroxide, but are turned violet with ozone; blue, wdtli chlorine and 
bromine ; and straw yellow, with nitric oxide. C. Engier and W. Wild 
(1896) state that if a mixture of ozone and hydrogen peroxide be passed 
- through a concentrated solution of chromic acid, the hydrogen peroxide 
is alone decomposed, the ozone is not affected. The same investigators 
say that paper steeped in a concentrated aqueous solution of manganous 
chloride is turned brown by ozone, but not by hydrogen peroxide. 

Uses. — Ozone is used for the purification of •water in special cases, but 
is rather expensive. Its function Js to oxidize the organic matter, and 
sterilize the water. Ozonized air is also used in ventilation for bleaciiing 
oxidizing oil in the manufacture of linoleum, etc. The industrial applica- 
tions have stimulated inventors, and accordingly, a number of fairly 
efficient ozonizers have been placed on the market. In most of these, a* 
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.iiigli tension .altemating' electric discharge is sent across a space through- 
which, the air to.^he ozonized passes. 


\ ^ S. The History and Constitution of Ozone. : ■ 

, 1. The discovery of ozone by Schdnbein (1840). — ^In r775 M. van' 
Marum said that' h© noticed a peculiar smell in^ the vicinity of electrical 
machines in ..motion, but he does not appear to have made any attempt 
to find the cause of the smell, W. Cruickshank also, in 1801 mentioned 
a similar smell attending the electrolysis of w^ater. C. F. Schonbein 
{1839-80) was the first to recognize that the smell was due to the formation 
of a substance to which he gave the name ozone— from the Greek (ozo), 
I smell. According to Schonbein, ozone is a distinct form of matter with 
an identity of its own. Schonbein said that the same substance wns 
produced when an electrical machine is working ; when water is electro- 
lyzed ; and when moist air is passed over oxidizing phosphorus. The 
nature of ozone was the subject of much discussion in Schonbeiii’s day. 
Schonbein first considered it to be a new elementary body which %vas a 
component of the nitrogen in the atmosphere. 

2. Is ozone a condensed form of oxygen or an oxide of hydrogen ? 
— ^G. Marignac, A. de la Rive, and 
others (about 1845) showed that 
moist silver, when exposed to 
ozone, forms silver oxide, and that 
potassium iodide— KI — can be 
oxidized to potassium iodate — 

KlOg. This naiTOwed the ques- 
tion, for it appeared that ozone is 
either (1) a form of matter identi- 
cal with oxygen (G. Marignac, 

A. de la -Rive) ; or (2) oxidized 
water, that is, a peroxide of hydro- 
gen (Schonbein). The hydrogen 
oxide theory was not given up 
until 1860, when T. Andrews and 
discharge — silent or spark — be 
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Fig* 82,— Andrews 
and Tait’s Ozone 
Tubes. 



Fig, 83. — Andrews 
and Tait’s Ex- 
periment, 

G, Tait proved that if an electrio 
through dry oxygen, a 

contraction occurs amounting to of the original volume. The oxygen 
was sealed in a tube, shaped as indicated in Fig. 82, Q, and subjected to 
the silent discharge, vid the platinum wires sealed into the glass. In 
Andrews and Tait’s experiment, the contraction in volume was measured 
by attaching to the tubes a small manometer, a and 5, charged with 
concentrated sulphuric acid. A duplicate tube Q, Fig, 83, containing air 
was treated along with the tube containing the oxygen, J?, Fig. 82, so that 
any changes due to variations of pressure or temperature during the experi- 
ment could be corrected. The tubes during the experiment, were placed in 
a water-tank, as indicated in Fig. 83, to keep the temperature uniform. 
When ozonized oxygen is heated to 270°, and allowed to cool, the original 
volume of oxygen is obtained ; and when a thin glass bulb, c, Fig. 82, E, 
of potassium iodide is sealed in the tube along with the oxygen, tad after 
ozonization, broken by shaking the bulb against a piece of glass tubing d, 
iodine is liberated without any perceptible change in volume. If the gas 
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wiiieli has been treated: with ■ potassium, iodide be' heated to 270® as 
before, no change in volume' can be detected. Hence Andrews and Tait 
concluded that ozone is a condensed form of oxygen. This, however^ 
tells us notliiiig about the weight of oxj^geii in a given volume of ozone, i,e. 
the number of atoms in the molecule of ozone. 

The absence of hydrogen in ozone was inferred by Soret (1863) from an. 
experiment in which ozone was thoroughly dried, and then decomposed b}?- 
heat. No trace of any compound of hydrogen— e.p.' water— could be 
detected in the products of decomposition. Hence it is inferred that 
ozone is not a compound of hydrogen with oxygen ; ozone contains 
nothing but oxygen. ■ A 'similar experiment was made by Schonbein in 
IS 49, but; its. importance, does' not appear to have been appreciated at 
that time. 

3. Ozone is a form of oxygen in which three volumes of oxygen 
are condensed to two volumes. — Since the volume of ozonized 
oxygen undergoes no change when mixed with a solution of potassium 
iodide, it is inferred that the oxidation of potassium iodide can only b© 
effected by so much oxygen in ozone as has been condensed with ordinary 
oxygen to form ozone. This excess of oxygen is absorbed by the solution 
of potassium iodide, and the ordinary oxygen which remains has the same 
volume as the ozone present before the action of the potassium iodide. 
Hence no new contraction occurs with potassium iodide. In symbols, 
the formula for ozone is Andrews and Tait did not determine the 

numerical value of n. The formula for ozone might be O 3 , O 4 , O 5 , . . . 
The special difficulty involved in this determination arises from the fact 
that ozone camiot be obtained free from oxygen ; and, accordingly, the 
regular methods of determining the molecular -weights — vapour density, 
etc. — cannot be applied. W. Odling (1861) proposed to take the simplest 
possible formula O 3 , tlius assuming that three volumes of oxygen are 
condensed to form two volumes of ozone. Interpreting this unproved 
assumption in the light of Avogadro’s hypothesis, p. 75, we have : 




mm 


mom 

* 


MIM 





3 Volumes oxygen give 2 Volumes ozone. 

This beautiful hypothesis, said C. W, Heaton, although accounting 
perfectly for all the known facts, was yet but a probability. One link was 
lacking in the chain of evidence, and that Hnk Soret supplied by a happily 
devised experiment. In 1866 he took advantage of the fact, knowm to 
Schonbein, that essential oils absorb ozone without decomposition. Hence, 
if ozonized oxygen be shaken with, say, cinnamon oil, the ozone will be 
removed from the mixture. On treating one portion of a sample of 
ozonized oxygen wdth cinnamon oil, Soret found that a contraction cor- 
responding with about 2 c.c. was obtained. On heating another portion 
of the same sample so as to convert the ozone into ordinary oxygen, Soret 
found an expansion corresponding with i c.c. Hence it was inferred that 
three volumes of oxygen produce two volumes of ozone. Soret’s work 
was rather crude, but B. Brodio (1872) repeated the experiments with 
cinnamon oil, turpentine, staniibus chloride, in such a -way that the above 
conclusion was the only possible interpretation of the experiments. 
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Many nea/t; ways of illustrating the volume relations of oxygen and ozone have 
been devised. G, S. Newth’s apparatus {1896), slightly modified, consists of two 
concentric tubes. Fig. 84.; The 
inner tube lias , a hollow stopper 
I ground to. fit the outer tube. It 

contains , dilute 'sulphiirie , acid. 

The .inner tube has two little 
projections J., and the outer tube 
, .' has t'hree projections, 1?, in such a 
position that a sealed thin glass 
. tube containing cinnamon oil' can 
, be broken, when desired, by twist- 
ing the stopper or the inner tube. 

. ' The ; outer ■ to, be is .fitted with a 
three-way cock. Dy connected with 
a manometer charged wutli con- 
centrated sulphuric acid. The 
apparatus is placed in a cylinder 
containing, say, ice and water, 
i The anmiiar space between the two 

tubes is filled with oxygen, vm the 
cocks B and D, The manometer 
is then put in communication with 
the annular space between the two 
tubes. Note the le^el of liquid in 
the manometer. Pass a current 
from an induction coil, so as to 
ozonize the oxygen sufficiently 
to give, say, a one ceiitimetro 
contraction on the manometer. Fig, 84.— Newth’s Apparatus (modified). 
Not© the contraction. Give the « 

stopper a twist so as to break the glass tube containing the cinnamon oil, the 
contraction which occurs will be twice the former contraction, namel5' 2 cm. 
more.^ The same apparatus can be employed for shearing that no contraction 
occurs when ozone is treated with potassium iodide by using a tube O ulth 
this substance in place of cinnamon oil. 

The formula for ozone — Og — obtained by many modifications of 
this experiment has been confirmed by the application of Graham’s 
diffusion test, p. 223. Ozone is 1*5 times as heavy as an equal volume 
of oxygen. 

4. The graphic formula for ozone. — Ozone is generally symbolized 

graphically : X » A > n^O. Owing to the peculiar oxidizing 
0-0 0^0 

qualities of the odd oxygen atom in the molecule some consider that the 
three oxygen atoms are not symmetrically placed in the molecule, whereas 
. in the above formula they apparently all have equal value. Ozone is 

often considered to be a compound of one quadrivalent oxygen atoni with 
two bivalent oxygen atoms, and the formula is accordingly written: 
0=0=0 ; or, if two quadrivalent oxygen atoms are united with one 

bivalent ox^^^gen atom : X > hence, the graphic formula for ozone is still 

m- . . 

eiih jud'lce. 

Belief in the existence of qtmdnvaiient o^geii atoms is mainly based on 
evidence deduced from organic chemistry. For mstance, hydrogen chiorKkv 

i It may be advisable to level, the; liquid -in • the manometer, after the firsts 
oontraotion, before breaking the capillary tube,;by\admitting either w Qt oxygen* 
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siilpliiir dioxide methyl iodide, etC:., -can he made to combine directly with methyl 
ether! CHglgO to form a.serieS'Of compounds : 


CH 

CH 


s>o:. 


CH. 

CH! 


;>o<ci 


ci?>o= 


so. 


CH 

CH 


»>0<CH 
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and also a series of oxonium salts. These com.pounds are not discussed, in in" 
organic chemistry. Evidence in favom* of a, sexivalent oxygen atom has been 
brought forward; the so-called ozonic acid, H2O4, of A, Bach (1902), and other 
organic compounds might be cited in illustration,. Hence oxygen, though usually 
hi valent, may be quadrivalent and probably also sexivalent. There is some 
e'S'idence indicating the formation of an even more condensed form of oxygen 
than ozone when the latter is produced by a silent electrical discharge of very 
high %'oltage--lS, 000 volts. The last fractions of the fractional distillation of the 
liquefied product furnished Harries with a hyperozone, but it has not been isolated. 


§ 4. Hydrogen Peroxide or Hydrogen Dioxide— Formation and 
Preparation, 

Molecular wright, H2O2 == 34*02, Melting point, —2° ; boiling point, 84°-85° 
at 68 mm. pressure ; and at 26 mm. pressure, 68°~69°. Specific gravity, 1*4996. 

* Hydrogen peroxide or oxygenated water is a remarkabie compound which 
has attracted the attention of chemists from the time of its discovery by 
L. J, Thenard in 1818. Hydrogen peroxide is formed when oxygen is 
bubbled about the electrode from which hydrogen is being evolved during 
the electrolysis of dilute acid, p. 33, The formation of hydrogen peroxide 
at the anode during the electrolysis of dilute sulphuric acid hy a current 
of liigh density is considered by M. Traube to be the result of a secondaiy 
reaction, the direct reaction is supposed to furnish persulphuric “acid, 
HgSaOg, Water confined in a quartz vessel is decomposed by exposure 
to ultraviolet light rays — from a mercury lamp, sunlight, etc. — and 
hydrogen peroxide and hydrogen are formed : 2 H 2 O = H 2 O 2 -f H 2 . 
Hydrogen peroxide is produced during the combustion of hydrogen in 
air. For instance, when a jet of burning hydrogen imp)inges on the 
surface of cold w-ater in w’hich ice is floating, or on ice itself, hydi’ogen 
peroxide can he detected in the water. Hydrogen peroxide is formed 
when moist ether is exposed to sunlight ; and w^hen ozonized oxygen or 
air is passed tlirough water on the surface of w^hich a little ether floats. 
If a little %vater is placed in a beaker containing ether, and the latter is 
burnt by placing a spiral of hot platinum wire just over the surface of the 
liquid (p. 221), hydrogen peroxide can be detected in the w^ater after all 
the ether has bui’nt away. It is supposed that the ozone produced 
forms a peroxide with the ether, and that this is decomposed by the water 
reforming ether and hydrogen peroxide. ^ 

Like ozone, hydrogen peroxide can be formed at a high temperature 
by passing a current of moist oxygen through a tube at about 2000° 
and rapidly chilling the issuing gases. In H. St. C. Devilie’s hot and 
cold tube** method of conducting the experiment, a narrow^ silver or 
platinum tube is kept cool by a current of cold water. This tube is placed 
in the centre of a porcelain tube. Fig. 85. A current of gas is passed 
along the annular space between the two tubes. This arrangement is 
placed in a furnace so that the gas can be heated to a very high tem- 
perature. The products of decomposition are suddenly chilled by the 

^ The ether is thus regarded as a catalytic agent, and the reaction is supposed 
to proceed by a set of consecutive reactions, p. 1 63, 
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:Oold tube .and partially prevented' from recombining as they are carried 
out 'of the bot zone, Tlie products, of many liigh temperature reactions 
can tbiis be examined at ordinary temperatures. 

Hydrogen peroxide is often formed when a substance is oxidized in 
the, presence, of moisture. For instance,., when zinc, copper, or lead is 
shaken up ..with air and dilute sulphuric acid (1 : 55), "the reaction sjmi- 
bolized : . Zn + 2 H 2 O + 0^ .= Zn(0H)2 -f HaOs ; and Z.n(0H)2 + 
=ZnS 04 -f ^^ 2 ^ occurs. It will be observed that twice as much oxygen 
is required for the oxidation process as is actually consumed in oxidizing 
the zinc; Zn -[-02 = ZnO + 0 ; HgO -j- 0 = HgOg. One half of the 
oxygen is said to be used in the primary process and the other half in 
the secondary reactions. The reaction belongs to the type of concurrent 
or side reactions discussed on p. 166, but since half a molecule of oxygen 
is used in each, the two concurrent reactions are not independent of one 
another. This particular type of reaction is known as auto-oxidation. 
There is a considerable difterence of opinion as to the mechanism of 
auto-oxidation. The oxygen used in the secondary reaction — formation 


of hydrogen peroxide — is said to be “rendered active” by the primary 
reaction. The for- 
mation of ozone 

during the oxida- ^ 

tion of phosphorus ^ - ||! [ - 

(p. 221) IS another 
example. 

By treating a t 

cold aqueous soiu- 

tion of sodium per- ^ ^ 

oxide with dUute Fio. Sa.-DeviUes Hot and Cold Tube.” 


-Deville’s “ Hot and Cold Tube.’ 


and cold hydrochloric acid, a solution of hydrogen peroxide mixed with 
sodium chloride is obtained : NagOg + 2HCi = 2NaCi -f- H 2 O 2 ; and by 
treating potassium peroxide, KgO^, with tartaric acid in the cold, an 
aqueous solution of hydrogen peroxide contaminated with a little potassium 
► tartrate is obtained, and oxygen is evolved. Most of the potassium 

tartrate separates from the cold solution. 

Barium peroxide (p. 159) is the usual starting-point for the pre- 
paration of hydrogen peroxide. Gradually add barium peroxide to ice- 
cold water through which a stream of carbon dioxide is passing. The 
insoluble barium carbonate is precipitated, and a dilute aqueous solution 
of hydrogen peroxide remains : BaOg -{- COg + HgO = BaCO^ -[- HgOg. 
If an excess of carbon dioxide be used, the yield of hydrogen peroxide is 
low and an insoluble barium perearbonate, BaCO^, is precipitated. Or 
barium peroxide, mixed with a little ice-cold water is gradually added to 
ice-cold dilute hydrochloric, sulphuric, silico-fluoric, or phosphoric acid. 
A barium salt — chloride, sulphate, silicofluoride or phosphate — and hydro- 
gen peroxide are formed. In the first case, the barium chloride is soluble. 
* It can be removed by adding just sufficient silver sulphate to precipitate 

insoluble barium sulphate and silver chloride ; BaCU -f- Ag^SO^ = BaS 04 
+ 2x4.gCl. This method is of historical interest because J. Thenard 
employed a similar process when he discovered hydrogen peroxide in 
1818, The sulphuric acid process is more commonly used. In this, 
insoluble barium sulpliate is j>recipitated. If concentrated sulphuric acid 




. receivc?r B and a themometer T, by means of one -hole rubber 
.’eceivor B is placed over a funnel so that cold water can be sprayed 
and run off to the sink through rubber tubins attached to the stem 
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be allowed to react with barium dioxide, ozonized oxygen is evolved ; a 
nioro acid gives oxygen ; and a very dilute acid gives hydrogen 

peroxide. Tiie teef!nic‘al preparation of hydrogen peroxide from potassium 
persulphate or persulphuric aeid is indicated later, p. 545, 

The preparation of almost pure hydrogen peroxide.— Barium peroxide, 
suspended in a little water, is gradually added to a mixture of equal volumes 
of water and sulphuric acid (cooled by a freezing mixture of ice and salt) 
until the solution is just barely acid. If too much barium peroxide has 
been aiided, a little more sulphuric acid is needed. Keep the solution in a 
freezing mixture for about a day. Filter off the insoluble matter, and 
evaporate the liquid on a vater-bath, at about 70"", in a smootli platinimi 
or poret'kin basin nntJi signs of effervescence appear. This -will occur 
when the sedution contains about 45 per cent, of hydrogen peroxide. 
Cool i he solution quickly. Concentrated solutions soon decompose if they 
are not kept cold. ■ 


Fm. 86, — Plstillation of Hydrogen Peroxide under Reduced Pressure. 

A solution of hydiogen peroxide decomposes rapidly when heated to 
lOO"' — even if the solution bo dilute — hence, for a long time, the concentra- 
tion of an aqueous solution of hydrogen peroxide by fractional distillation 
was thought to be impossible; but R. Wolffenstein (1902) discovered 
that the byiiiogen peroxide can be distilled under reduced pressure without 
undue decomposition, p. 188. 

To the solution under reduced pressure, fit up the apparatus indicated 
in Fig. 86. Transfer tlio solution to a round-bottom thick-walled litre flask 


of t he funnel. The side neck of the receiver is connected, by pressure tubing, with 
a mnnorui'jter ; which in turn is connected with a 3-way stopcock E, a water trap 
G, and a Alter pump D. The flask. is' heated by an oil bath F, and Bunsen’s 
mtrnor. W’hen the manometer shows a pressure of about 1 5 mm. and the thermo- 
meter a. temperature between 35® and 40®, a dilute aqueous solution of hydrogen 
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peroxide in wa.ter distils into tlio receiver* The temperature rises ^radnally to 
about 70*^’ when a very concentrated solution of hydrogen jjeroxide remains in 
the distilling flask *1. Further eoneentration is best effected by placing a beaker 
containing some of tiie hydrogen peroxide solutioii in a mixture of solid cari,)on 
dioxide and ether. The whole mass freezes. Drop a little of the frozen solid 
into a portion of the concentrated hydrogen peroxide solution. At briwceii 
— 8° to —10“ small needle-shaped crystals separate. Drain away the mother 
lirpiid from the crystals ; melt the crystals and cool the mass, so that another 
crop' of cry.stai3 is obtained. Repeat the operations. 

In this way, it is possible to prepare 100 per cent, hydrogen peroxide. 
The solution reniaining in the distilling flask "veil! serve for most experi- 
ments where concentrated solutions of hydrogen peroxide are required. 
This solution can also be further concentrated by evaporation over con- 
centrated sulphuric acid m vacuo. This opera- 
tion is conducted as follows : Tlie dish eontain- 
ing the mixture rests on the perforated shelf 
of a de.siccator, Fig. 87. The desiccator has a 
layer of concentrated sulphuric acid below the 
perforated shelf. The lid of the desiccator, well 
greased, is placed in position. The desiccator 
is then exhausted by connecting the stoppered 
tube with the air pump. Any water vapour 
given off by the solution in tlie dish is gradually 
absorbed by the concentrated acid. 

Concentrated hydrogen peroxide begins to attack the glass distliling 
flask at about 80°. Woifenstein, by changing the receiver, obtained a 
sohition of 90 per cent, hydrogen peroxide at 81°~85° at 68 mni. piessure ; 
and by repeatedly redistilling the product he got a liquid containing 99 
per cent, of .hydrogen peroxide and boiling at 84°-S5° C. at 68 mm. 
pressure. 

§ 5. Hydrogen Peroxide — Occurrence and Properties. 

Occurrence. — There is a similar uncertainty about the alleged occur- 
rence of hydrogen peroxide in rain, siiow'", dew, and air as was indicated 
in dealing with the occurrence of ozone in air. Much of the published \vork 
does not clearly discriminate hydrogen peroxide from other oxidizing 
substances. 

Properties.- — Pure hydrogen peroxide is a viscicT liquid ; colourless, 
when viewed in thin layers, but with a bluish tinge when viewed in thick 
layers. The liquid has no smell. Dilute aqueous solutions have a peculiar 
bitter metallic taste. When a drop of liquid peroxide comes in contact 
with the sldn, it forms a white blister. If concentrated sulphuric acid be 
mixed with hydrogen peroxide at a low enough temperature to prevent 
heating, oxygen rich in ozone is evolved. The liquid decomposes rapidly 
when heated at ordinary atmospheric pressures, but under reduced pressure 
(p. 188) it can bo readily distilled. It boils between 68° and 69° under 
a pressure of about 26 mm., and at 84°-86° under a pressure, of 68 mm. 
The liquid crystallizes in needle-like prisins at — 2°. The liquid is soluble 
in water in all proportions. 

Pure hydrogen peroxide is fairly stable. Dilute aqueoiis solutions 
keep fairly well — particularly if acid — a .3 per cent, solution suffered no 
appreciable change when kept a year. Alkalme elutions do not keep very 
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well. Impurities like silica, iron, manganese, and alumina lead to a more 
rapid decomposition. If alcohol or ether be present, the aqueous solutions 
are more stable. The strength of aqueous solutions is represented com- 
mercially by the number of volumes of oxygen which 1 c.c. of the solution 
■will furnish on decomposition. Thus 1 c.c. of a “ lO-voiume solution” 
will give 10 volumes of oxygen when decomposed.,, A. 3 per- cent. 
solution of hydrogen peroxide is very nearly a “ 10- volume solution,” 
a 6 per cent, hydrogen peroxide solution is nearly of “ 20-volume ” strength, 
a!id so on. There is a possible ambiguity because if the solution were 
decomposed by potassium permanganate, 2KMn04 -i- 011202 + »^H2S04 
= hOg -r 2MnS04 H- K2SO4 + SHgO, half .the oxygen comes ' from the 
permanganate. So that with a 10- volume solution of hydrogen peroxide 
0 volumes would come from the peroxide and 5 volumes from the 
permanganate. Such a reaction would he excluded. The most concen- 
trated solution on the market is called perhydrol, and it contains about 
30 per cent, of hydrogen peroxide, corresponding with a “100- volume ” 
strength. 

Decomposition by contact action. — Pure hydrogen peroxide is 
decomposed very rapidly if any dust be present. A little platinum black 
dropped into the solution causes an explosion. Similar remarks apply to 
finely divided gold, silver, and similar metals, as well as to powdered 
manganese dioxide. The action appears to be catalytic since the man- 
ganese dioxide, etc., remain at the end of the action unchanged in com- 
position. A small trace of some extremely finely divided metals — 
colloidal platinum, gold, etc. — can accelerate the decomposition of large 
amounts of hydrogen peroxide. The action has been compared with that 
of yeast on a solution of sugar, and these “ colloidal ” metals have been 
given the name inorganic ferments, BincQ the action is more or less hin- 
dered or retarded by traces of hydrocyanic acid, mercuric chloride, etc., 
the inorganic ferment is said to be poisoned by these agents. Charcoal 
or magnesium mixed with a trace of manganese dioxide ignites immediately. 
Finely powdered iron or lead remain quiescent, but if a trace of manganese 
dioxide be present, the iron burns. A few drops of liquid hydi’ogen 
peroxide on a piece of cotton wool will make the cotton inflame. Similar 
results are obtained with aqueous solutions of hydrogen peroxide, but the 
action is much less vigorous. Bough surfaces have a disturbing effect on 
the stability of hydrogen peroxide— a concentrated solution is decomposed 
when poured on to a ground-glass surface. The presence of small quantities 
of some substance — e,g. manganese silicate — make the solutions more 
stable ; these agents have been called anticatalysts, negative catalysts, or 
retarders. Acetanilide is particularly useful in preserving hydrogen 
peroxide solutions. 

Oxidizing properties. — Hydrogen peroxide resembles ozone in its 
strong oxidizing qualities. It liberates iodine from solutions of potassium 
iodide (see p. 222). The reaction is accelerated by acetic and mineral 
acids, and particularly hy ferrous sulphate. According to Schonbein, 
one part of hydrogen peroxide in^ the presence of 25,000,000 parts of 
water can be detected by a mixture of potassium iodide and ferrous 
sulphate. It converts lead sulphide into lead sulphate, as was also the 
case with ozone. Hence the use of hydrogen peroxide for cleaning oil 
paintings which have been darkened by the action of hydrogen sulphide 



23S 


,, ■\ mom/Am^ m 

'^sometimes .present . in .tile' air of „ towns-~upon the lead compounds in 
the paint. The .bimTOisk-Hack .coioured, lead .sulphide is transformed 
into white coloured .lead sulphate, ^Sometimes the treatment is satis- 
factorjs and ..sometimes .it spoils the picture. H 3 ^drogen peroxide bleaches 
many organic colouring agents,, .c.gf. litmus and indigo solutions, but it does 
not affect mercury and silver like ozone. 

Dilute solutions' of liydi’ogen peroxide are accordingly used for bleaching 
silk, feathers, straw., hair, ivory, teeth,, etc., where more violent bleaciilng 
.agents .would injure the .material. Instead of' hydrogen peroxide an 
acidified ■ solution of sodium peroxide is sometimes employed. The 
actions are similar. Since the products of the decomposition of hydrogen 
peroxide— water and nxygen— are harmless, it .is also used medicinally 
as an antiseptic. Hydrogen peroxide is also used in analytical work for 
the oxidation of sulphites to sulphates ; arsenites to arsenates ; chromic 
salts to chromates ; ferrous to ferric salts ; nitrites to nitrates, etc, 
H. B. Baker and L. H. Parker shouted that if hydrogen peroxide be removed 
from synthetic water, the water attacks sodium amalgam much more 
siowty than ivater containing, say, 1 part of the peroxide in 100 , 000 . 

Peroxidizing properties.— Hydrogen peroxide forms peroxides of the 
alkalies and alkaline eai’ths "when treated with the corresponding 
hydroxides. For instance, with barium hydroxide : BafOHlg -h H 3 O 2 
= BaOg "h SHgO. W. Spring (1895) pointed out that hydrogen peroxide 
behaves in these reactions like an acid (p. 167). In confirmation, if sodium 
carbonate be added to hydrogen peroxide the corresponding alkaline 
peroxide is formed and carbon dioxide is evolved : 4 - HagCOg 

= iSTagOa 4 “ COg 4 “ HgO ; on the contrary, if the hydrogen peroxide be 
added to the solution ‘ of the carbonate, oxygen is evolved : 2 H 2 O 2 
4 “ == Nag CO 3 -j- SHgO 4“ Og, The sodium carbonate acts as a 

catalytic agent in the latter case. It is not at all uncommon to find 
reactions progressing difierently according to the u^ay the substances are 
mixed together. 

With titanium salts, hydrogen peroxide gives an orange-yellow colora- 
tion supposed to be due to the formation of pertitanic acid : TiOg ~f HgOg 
= HgO 4" TiOg. The particular tint depends upon the amount of titanium 
present, and hence the reaction is used for the determination of the 
amount of titanium in various materials. The tint of a solution containing 
an unknown amount of titanium is compared wdth that of a similar solution 
containing a known quantity of titanium ; and the amount in the unknown 
solution determined by simple rule of three. The reaction is also used as 
a test for hydrogen peroxide. It is said that one part of titanium in 
1800 parts of water gives a deep yellow coloration, and one part in 180,000 
a light yellow coloration. Cerium and vanadium salts give brick-red 
coloration, and uranium a bluish coloration, but these reactions are not 
so sensitive as with titanium salts. 

With chromic acid, H 2 Cr 04 , hydrogen peroxide forms a blue solution 
which begins to decompose immediately with the evolution of oxygen. 
Some consider the oxide formed to be a compound of percliromic acid, 
HCr 04 , with hydrogen peroxide, say, HCfOs (q-v,). This is pure hypo- 
thesis ; no such compound has been isolated. The biue-coloured peroxide, 
whatever it be, is much more soluble in ether than in water, so that if a 
mixture of chromic acid and hydrogen , peroxide in a test-tube be shaken 
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mth. ether, a blue ethereal solution of the peroxide will float on the surface 
of the aqueous layer. The compound decomposes when the ether is 
evaporated. This reaction is used for the detection of chromates : Add 
dilute sulphuric acid to the chromate solution, and shako up with ether 
and liydrogen peroxide. The separation of a blue ethereal layer indicates 
ehromie acid.' ’ The necessary modification of the process for the detection 
of hydrogen peroxide will be obvious. It is said that this method will 
indicate one part of hydrogen peroxide in 80,000 parts of water. 

Reducing properties, — Hydrogen peroxide appears to act as a reducing 
as well as an oxidizing agent. With ozone it forms oxygen and water : 
0 ;h -f ^2^ ~h 20*2 ; with silver oxide, metallic silver and oxygen : 

AgaO ="2Ag -r HgO -f O2. Similarly with gold oxide : AugOg 

4- fegOg == 2Au 4“ SHgO ~!- 30.2 > ' dioxide, . FbOg + HgO.^ 

= PbO HgO -r Og. Curiously enough, in these reactions, the reducing 
agent is itself reduced — usually the reducing agent is oxidized during the 
reduction, Tiie lead dioxide obtained when red lead is digested with 
dilute nitric acid dissolves very siowiy, but if a few drops of hydrogen 
peroxide be added, ail the lead dioxide dissolves in a few^ moments. The 
lead dioxide is reduced to lead monoxide by the hydrogen peroxide, and 
the product dissolves immediately in the dilute acid. This method is 
generally employed to hasten the solution of red lead in dilute acid prior 
to analysis. Hydrogen peroxide in alkaline solutions oxidizes manganese 
oxide, MnO, to manganese dioxide, MnOa ; but in acid solutions it reduces 
manganese dioxide to manganous oxide i MnO 2 -r H2SO4 4- H2O2 

MnS04 4“ 2H2O -j • Og. The reducing action of the hydrogen peroxide 
is only apparent. According to B. Brodie (1.872) the oxides of silver, 
manganese, etc,, have an atom of oxygen which is readily disengaged from 
its combination. Similarly, hydrogen x^eroxide readily parts with its odd 
atom of oxygen. Consequently, the atom of oxygen in hydrogen peroxide 
is supposed to oxidize the odd oxygen atom in the metallic peroxide. 

A solution of potassium permanganate — KMn04 — acidified with 
sulphuric acid is raxndiy reduced bv hydrogen peroxide : 4- 

2KMn04 4“ 3H2SO4 = + 2MnS54 + 8H2O 4- ^0^, Consequently, 

if an aqueous solution, containing a known amount of potassium perman- 
ganate, be run from a burette into a known volume of hydrogen peroxide 
until the pink colour of the permanganate is no longer discharged, it 
follows, from the equation, that every two molecules of KMn04 correspond 
with five molecules of HgOg ; or 2 x 158-02 (the molecular weight of 
KMn04) gi‘ams of potassium permanganate correspond with 5 X 34*02 
(the molecular w^eight of HgOg) gram of hydrogen peroxide ; otherwise 
expressed, 1 gram of potassium permanganate represents 0*5382 gram of 
hydrogen peroxide. 

_ Example, — 45 c,e, of a standard solution of potassium permanganate con- 
taining 20 grams of KMn 04 litre were decolorized by 25 e.c, of a solution of 
hydrogen x)eroxide. What amount of HgOo is present in a litre of the hydrogen 
peroxide ? Her'e 1000 e.c. of the standard solution contain 20 grains of KMn 04 ; 
heiice, i e.c, contains 0*02 gram ; or 45 c.c. contain 0*9 gram. But from the 
equation, I gram of KMn 04 represents 0*6.182 gram of ; hence, 26 c.c. of 
hydrogen peroxide hm 0*6382 X 0*9 = 0*4844 gi'am of H^6«, Hence a litre will 
have im graim of HgO^. , ® 

Qualitative tests for the detection of hydrogen peroxide."— -Special 
attention may be called to the titanium sulphate test, the chromic acid 
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test, the potassiiun iodide test ; and the methods for distingiiisliing ozone 
from hydrogen peroxide. If a mixture of ozone, hvdi'ogen pcrroxiclc, 
chlorine, and nitrogen peroxide be passed timough a solution of potassium 
permanganate ozone alone escapes and %viil react with potassium iodide 
test-paper. . A comparison of, some reactions of ozone, hydrogen peroxide^ 
chlorine, and nitrogen peroxide is given in Table VIII. 


Table VIII.— Distinguishixo Tests fob Ozone and Hydiiooen Peeosibe. 


Reagent. 

Ozone. 

Hydrogen 

peroxide. 

Chlorine. 

Nitrogen 

poroside. 

KI and starch 

Blue 

Blue 

Blue 

Blue 

Indigo solution . 

Bleached 

Bleached 

Bleached 

Bleached 

Litmus solution . 

Bleaehed 

Bleached 

Bleached 

Bleached 

Cieeui silver foil . 

Blackened 

Nil 

White film 

No change 

Mercury bead . 

Trail on glass 

■Nil 

■ White : i 

No change 

OrOg and ether . 

Nit 

Bltie 

Nil ■ , 1 

Nil 

Titanic acid . 

. Nil 

Yellow 

Nil 

Nil . 

Tetramethyl base . 

Violet 

Nil 

Blue 

to brown 

KMnO^ solution . 

Unclianged 

Decolorized 

Decolorized 

r 

Decolorized 


§ 6. Hydrogen Peroxide — Composition and Constitution. 

In spite of the fact that the composition and molecular weight of 
hydi'Ogen peroxide have been determined ; in spite of the simplicity of 
the resulting formula — ^ 112 ^ 2 ; and in spite of the msuxy investigations 
.which have been made to determine the disposition of its constituent 
atoms, the constitution of this compound has not yet been settled by 
unequivocal experiments, 

1. Empirical formula. — J. Th6nard (1818) introduced a weighed 

amount of the peroxide in a small vial into a graduated cylinder over 
mercury. The vial was broken and its contents decomposed either by 
introducing manganese dioxide, or by heat. 17 parts of hydrogen per- 
oxide by -weight gave nearly 8 parts by w^eight of oxygen, and 17 — 8—0 
j)arts by weight of water. Otherwise expressed, 34 parts of hydrogen 
jjeroxide give 18 parts of water and 16 parts of oxygen. Hence the 
peroxide contains hydrogen and oxygen in the proportion of 2 atoms 
of hydrogen i 2 atoms of oxygen. The simplest formula for hydrogen 
peroxide is thei'efore HO. There is here nothing to show whether HO or 
some multiple of HO, say is the proper formula for the coxnpound, 

since the latter has the same percentage composition as the former. 

2. Molecular formula.— The instability of hydi’ogen peroxide prevents 
a determination of its vapour density being made in the regular manner. 
The molecular weight can be determined by the ‘‘ freezing point method ” 
which will be described later. The result is nearly 34. This agrees 
with tile formula H^Og — the generally accepted value, 

3. Constitutional or graphic formula. — ^The formation of hydrogen 
peroxide by the action of oxygen on hydrpgen, as the latter is liberated 
during the electrolysis of water,- might lead to the ■ supposition that its 
formula is HO — 'OH (or HOsOHL-.'TMs; is .supported by the fact that 


hydrogen peroxide is formed in reactions involving the reduction of 
oxygen : 

H O ^ H--0 
H 6 H-6 

and not bj- the oxidation of water 

|>0 + 0 = ®>0 = 0 

as would be expected if the formula were = 0 = 0. Hence, by 
analogy it might be argued that the peroxides Na202j ©tc., are similarly 
constituted, KaO — ONa, Two different lines of argument lead to two 
different conclusions, for J. W. Briihi showed that the refractive index 
of hydrogen peroxide is not characteristic of substancovs containing bivalent 
oxygen, and he infers that the oxygen is quadrivalent, H — 0=0 H, 
The two fonnuJsE HO — OH and HO=OH are similar in type, and at 
present it does not matter which is employed. 

Purified hydrogen peroxide behaves lilie a mono- and dibasic acid 
in that {!) it reddens blue litmus ; and (2) displaces the acid from sodium 
silicate, borate, metaphosphate, and sulphide, and from potassium ferro- 
and ferricyanides. Water liberates hydrogen peroxide from peroxides, 
and hence also water has been called an acid — waier acid, (3) When 
solutions of the alkali hydroxides are treated 'vith hydrogen peroxide, 
hydrated peroxides are produced-^with barium hydroxide, Ba02.8H20 
is precipitati^L Conversely, when the peroxides are dissolved in dilute 
acids, the hydrogen peroxide is set free. In both cases, hydrogen peroxide 
behaves like an acid and the peroxides can accordingly be regarded as 
salts of hydrogen peroxide just as the nitrates are salts of hydrogen nitrate 
or nitric acid. (4) Hydrogen -peroxide can be more easily extracted from 
its , ethereal solution by alkali-lye than 'by water ; (5) it partly neutralizes 
alkalies by entering into chemical union with them ; (6) the peroxides are 
precipitated from solution of their salts — e.g, lead acetate and hydrogen 
peroxide give acetic acid and lead dioxide, and liliewise also with barium 
salts, while lead dioxide is decomposed by an excess of hydrogen peroxide, 
barium dioxide forms barium hyperoMde, BaH204, which breaks down 
when treated with more hydrogen peroxide into barium dioxide. Barium 
hyperoxide is regarded as a salt of the monobasic acid HgOg, or as an acid 
salt of the dibasic acid, H2O2. In either case, the graphic formula may be 
^ .O.OH “ 

I), T. BlendeMeff subdivides the peroxides into two classes depending 
upon the valency of the element united to the oxygen atoms ; — 

1. Superoxides or true peroxides.-— Those peroxides in which the 
oxygen atom or atoms, over and above those required to form the 
basic oxide, are singly linked to the metal and to the other oxygen 
atoms, so as to form a chain. The valency of the metal is the 
seme in the peroxide as in the basic oxide. E,g , : 

H-0 Ha-0 ■"K-O-O; "• .0 ^ 

1 I I Ba< 1 or Ba<^~r>Ba 

H-0 m-0 E-O-O ^0-0^ 

Hydrogen Sodium Potassium''' , Barium 

peroxide# peroxide. tetroxlde* peroxide. 
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The sui'ieroxides are often called peroxidates, beliig regarded as 
salts " of hydrogen peroxide (p. 233 ). 

2 * Poiyoxides, dioxides, or pseudo-peroxides.—- Those peroxides in 
which the oxygen atom or atoms, over and above those r(M]uired to 
form the basic oxide, are doubly linked to the nic^tai so that the 
valency of the metal in the peroxide is yrealer than the valency 
of t he metal in the basic oxide. E.g, : 

Pb<^ 

Ozone. Load i 3 eroxide. Maugancsc peroxide. 

These oxides possess feeble basic or feelde acidic properties — 
possibly both. 

The sii.])eroxides -wliieh yield hydrogen peroxide when treated witli 
water or a dilute acid are probably constituted like hydrogen peroxide. 
Thus sodium peroxide wdtli hydrochloric acid gives hydrogen peroxide ; 
and potassium tetroxide, w-hich gives oxygen and hydrogen peroxide, is 
probably constituted on the same plan. The poly oxides are not usually 
attacked by dilute acids. Both types with concentrated sulphuric acid 
evoh’e oxj^-gen. Tiio mechanism of the reaction is probably different in 
the two cases. With the superoxides, hydrogen peroxide is probably 
formed as an intermediate product, thus, witli barium dioxide : BaO., H~ 
H2SO4 = BaSO^i -f H2O2 ; followed by 2H./)2 = 2H2O With 

manganese dioxide : 2Mn02 -r^HaSO.^ = 2MnB04 -I- 2H2O -j- Oo. Simi- 
larly with hydrocliloric acid, both give chlorine, but with the superoxides 
hydrogen peroxide is first formed, and this reacts \vith the excess of acid 
forming chlorine : 2 HC 1 + HgOg = 2H2O -r CI2 ; with the polyoxides, 
on the other hand, an intermediate perchioride can often be detected — with 
manganese dioxide, probably MnCls; and with lead peroxide, lead 
tetrachloride, PbObi formed.^ 

§ 7. Thermochemistry. 

Sine igni nihil operamur, — C. Glasek. 

Heat and cold are Nature’s two hands by which she chiefly worketh. — F. Bacox. 

It w^as convenient, in a j^receciing paragraph, to resolve matter, as 
wo know it, into two abstractions — matter and energy. Neither exists 
alone. We have no acquaintance with the one apart from the other. 
Isolated, matter and energy are pure abstractions. Each, one completes 
and presupposes the other. The element phosphorus, for instance, must 
foe regarded as a form of matter which is always associated wdth a certain 
amount of available energy, because it is able to do chemical work, and 
wo cannot conceive of energy coming from nothing. We caimot answer : 
How much energy is associated with the phosphorus ? The actual 

1 Attempts have been made to show that two of the best known poly oxides,” 
PbOg and Mn02, ai*e dlifei’ently constituted because lead dioxide when exposed to 
sulplmrous acid" HoSOg, furnisdies lead sulphate, PbSO^, while manganese dioxide 
fui*nishes manganous dithionate, MaSgOe* It is more probable that the action in. 
both cases is similar, manganese dioxide forming the normal sulphite ; ; 

and lead dioxide, the basic sulphite : PbO.SOg. Both salts then undergoiuteraal 
rearrangement* the former producing ditfiion«(ite,,;.and ,tho latter a normal 
sulphate*. , ,, . ..'v- ; ' V A'" y-. - i ■" 


238 mOBQAmO .CHEMISTBy : , 

amoimt- ayailable possibly depends upon tbe nature of tlae substance with 
■which it is brought in contact. Similarly %¥ith oxygen. When these two 
elements — oxygen and phosphorus— are brought in contact, under the 
right conditions for the degradation of energy, chemical action sets in, 
and the chemical energy is degraded or transformed into heat or light. 
The resulting compound — ^phosphorus pentoxide— still contains somc^ 
cheniicai energy, for if it be mixed with water, a great amount of heat is 
developed, chemical energy is degraded, and phosphoric acid results. 
The phosphoric acid still contains chemical energy because more energy is 
degraded in the form of heat when the phosphoric acid is brought Into 
contact with sodium hydroxide. Every chemical reaction involves a 
change both in the form of the matter and in the form of the energy 
of the system. Modern chemistry would make Glaser^'s motto read: 

* Without energy nothing can change. ’ ’■ What is generally understood by 
descriptive ” or “ materia/1” chemistry deals with the former, not with 
the latter. Chemistry proper is essentially concerned with both energy 
and matter, and hence it can no longer leave the development of the 
energy concept, as was formerly done, to physics. 

Law of Lavoisier and Laplace. — The free or available chemical 
energy of dif erent substances is usually degraded in the form of heat 
during chemical action. The system gets hotter because heat is evolved 
by the reacting substances — such reactions are said to be exothermal 
or thermo-positive reactions in contrast with endothermal or thermo-negative 
reactions which absorb heat and thus cause the system to become cooler. 
That branch of chemistry which deals mtli the relation bet-ween thermal 
and chemical energy is called thermochemistry. Experiment show^s that 
a definite chemical process generates a definite quantity of heat. Every 
compound has a definite heat of formation, which is numerically equal to 
the heat required for the decomposition of the compound back into its 
elements, but of oj^posite sign. ‘‘ Action and reaction,” said Newdon, are 
equal and opposite ; ” this is obviously a corollary of the law of conservation 
of energy. If it were not so, heat would be gained or lost when a compound 
is formed and then decomposed back into its original constituents. Such 
a result is at variance with the principle of the persistence or conservation 
of energy. The fact that every compound has a definite heat of forma- 
tion which is numerically equivalent to its heat of decomposition but 
of opposite sign, is sometimes called the law of Lavoisier and Laplace, 
because A. L. Lavoisier and P. S. de Laplace first pointed out this gencrai- 
ization between 1780-84. Consequently, under a given set of conditions 
each atom and each molecule is charged with an amount of energy wiiich, 
is as definite as the quantity of matter itself. In every chemical reaction 
there is a definite change in the amount of energy so that after the reaction 
the products are associated with less available energy than was possessed 
by the initial products ; part of the energy is frittered away as heat 
or electrical energy. Hence, if the process is to be reversed, and the 
original products restored, a supply of energy is needed to do work against 
the affinities of the products of the reaction, and to re-charge the original 
components with the requirC/d quota of energy. 

The symbols used in thermochemistry. — It will be remembered that in 
physics, the unit of heat is the calorie, and a calorie represents the amount 
of heat rec|uired to raise the temperature of one gram of water through 
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1° G, Consequentiyj 100 cals, will raise the temperature of 100 grams 
of water 1°, or of 1 gram of water lOO*^. In chemistry, it is convenient to 
represent the thermal value of a reaction by reference to the formula 
weights of the substances concerned in the reaction. Thus the heat of 
■ formation 'Of phosphorus pentoxide is 370,000 ; cals. ' This ' means that 
370,000 cals. /are generated when 142 grams of phosphorus pentoxide are , 
formed by burning 62 grams of phosphorus in oxygen ; or 62 grams of 
phosphorus burning in oxygen will give sujSieient heat to raise the tem- 
perature of 370,000 grams of water 1^ To avoid dealing v/lth large 
numbers it will be more convenient to consider a Calorie as the amount 
.of. heat required to raise' the temperature/of '1000. grams,, of. water 1° C. 
Tlhs is the so-eal^^ “ kilogram-calorie,” or the “big calorie,” and it is 
here written with a capital “ G.” Thus“ cal.” refers to the gram-calorie. 
“ Cal.” refers to the kilogram-calorie. Hence the energy degraded in the 
form of heat when phosphorus burns in oxygen is equivalent to 370 Cals, 
This is represented in symbols : 

2P + 50 = P 2 O 5 -f 370 Cals. 

If the states of aggregation of the initial and final products of the reaction 
are not self-evident, the states of aggregation must be represented in the 
equation, otherwise latent heats of fusion or vaporization may lead to 
ambiguity. ^ Thus, the observed value 

2H 0 == H20gas “h 59*4 Cals. 

means that the union of 2 grams of hydrogen vfith 16 grams of oxygen is 
attended by the evolution of 59*4 big calories when the water produced 
is in the form of steam ; if the steam is condensed to a liquid, the observed 
value is 

2H -j- 0 = H20liq -h 69*3 Cals. 

The extra 9*9 Cals, represents the heat given out when 18 grams of steam 
are condensed to a liquid {;mde infra). For solid water, another 1*4 Cals, 
are required to allow* for the heat of solidification of 18 grms. of water. 
Again, if the reacting substances are in aqueous solution, a certain amount 
of heat may, or may not, be dissipated in the act of solution. For example, 
13*7 Cals, are evolved when a dilute solution of sodium hydroxide is mixed 
with a dilute solution of hydrochloric acid. The dilute solution is 
represented by a sufiix “ aq.” Thus, 

NaOHaq HGlaq == NaClaq + HoO -h 13*7 Cals. 

If the sodium chloride were prepared hy passing hydrogen chloride gas into 
a dilute solution of sodium hydroxide, more heat is evolved, because 
17*4 Gals, are evolved when 36*4 grams of hydrogen chloride are dissolved 
in water : 

NaOHaq -f HCIgas = NaClaq + HgO -f 31*1 Cals. 

A considerable amount of heat is absorbed during the formation of ozone — 
30 2 = 203-68*2 Cals. Hence, the molecules of ozone are charged with 
energy at a higher potential than those of oxygen, and when the reverse 
change occurs this energy is degraded in the form of heat. The fact that 

^ Some represent gases hy means of italics, solids hy clarendon Type, and 
liquids by ordinary tvpe. Borne would repreaent the tot equation [2P. 50] 

== 370 Cals, ‘ - ‘ ^ . ...... 
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the moleeaies of ozone are charged with a large proportion of energy is 
taken to explain why ozone decomposes so readily into oxygen. 

Some disturbing effects.— Again, the chemical and physical condition 
of the reacting substances must be taken into consideration. The heats 
of combihation of hydrogen in oxygen and in ozone would not be the same 
because of the reaction : 203 = 302 + 68 -2 Cals. Allowance would have 
to be made for this extra energy associated with ozone. 

It is necessary to distinguish clearly between the observed heat changes 
and the real heat changes due to the degradation of chemical energy as heat. 
The observed thermal value of a reaction may be greater or less than 
that which corresponds with the chemical energy actually degraded during 
a given chemical reaction. For example, suppose that we start with a 
mixture of two volumes of hydrogen and one volume of oxygen, and finish 
with liquid water, there is a tremendous contraction in volume. This 
contraction occurs under atmospheric pressure (76 cm. mercury). Hence 
the atmosphere does work on the system, and that work appears as heat 
which raises the temperature of the system, and makes the observed heat 
of combination appear greater than it really is. Since 2H + 0 = HgOgas 
+ 59*4 Cals, (observed), and the observed latent heat HoOgas = HaOiiq 
4 - 9*9 Cals. ; or 2H + 0 = HaOliq + 69*3 Cals. The thermal value of 
the change of steam to water is partly due to the work of contraction. 
The work can easily be calculated,^ and it is equivalent to 0*9 Cal. 
Hence 


Apparent energy degraded in reaction 69*3 Cals. 

Energy due to contraction 0*9 Cal. 

Energy actually due to reaction 68*4 Cals. 


Heat may also appear to be generated during a chemical reaction 
which is partly due to differences in the specific heats of the initial and 
final products of the reaction. If the latter be less than the former, 
some of the heat generated will be due to this fact, and not to the 
degradation of chemical energy. 

§ 8. The Principle of Maximum Work. 

The heat developed during a reaction represents a certain amount of 
potential energy which was associated with the atoms in some way ; we are 
therefore much tempted to generalize, as Thomsen did in 1853, and assume 
that the thermal value of a reaction is a measure of chemical affinity 
between the reacting substances, and that every chemical change which 
can take place without the aid of external energy will be accompanied 
by the evolution of heat ; or as M. Berthelot expressed it in 1869 : Every 
chemical change which takes place vdthout the aid of external energy 
tends to the production of that which is accompanied by the 
development of the maximum amount of heat. This is the so-called 

A One gram-molecule of steam occupies 22*3 Hti’es. The gases from which 
the steam was formed occupied 1 Jtimes this volume, Le. 33*46 litres. A column of 
mercury, 1 sq. cm. sectional area and, 76 cm. long weighs 70 x 13*59 “ 1033 
grams (since the specific gravity is 13*59).. This pressixre exerted along a path of 
33*45 cm. will be 33*45 X 1033 gram ciios,, or, . 33*45 X 1*033 kilogram ems. But 
42*65 kilogram ems. are equivalent to' cno calorie. Hence, 3S*45 'x 1033 -- 42*65 
— 900 cals, or 0*9 Cah ~ 
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principle of maximum work. Othermse expressed, elements with the 
stronger affinity for one another liberate most heat when they react 
chemically . Hence also reactions which proceed spontaneously, when 
once they have been started, liberate some form of energy, generally 
heat, during the progress of the reaction. 

Objections. — There are some objections to this generalization which 
cannot therefore be true in its present form : 

(1) The principle assumes that reactions proceed completely to an end. 
In balanced reactions (p. 119), the reaction may be exothermal in one 
direction, and endothermal in another. According to the principle 
of maximum work, the exothermal reaction ought to go completely to an 
end. Hence the principle is not in agreement with facts. 

(2) Several spontaneous reactions are known to be accompanied by an 
absorption of heat. 

(3) Many systems require a preliminary impulse (p. 136) to start the 
reaction, and hence it would be necessary to introduce a clause to provide 
for this phenomenon. 

The principle of maximum work must therefore be either amended 
or abandoned — every change which takes place without the aid of external 
energy must do work ; and a system wliich cannot do work is incapable 
of spontaneous change and is in stable equihbrium. Further investiga- 
tions have shown that it is not at all improbable that all possible chemical 
and physical reactions will be exothermal and complete at absolute 
zero, — 273° : and consequently, the principle of maximum w^ork wdll 
probably apply at that temperature. At ordinary temperatures, the 
principle is only roughly apphcable. 

§ 9. The Principle of Reversibility. 

The most stable compounds are usually, but not always, those with 
the greatest heat of formation. In a general way, the higher the tempera- 
ture the less the stabihty of exothermal compounds ; and conversely, 
endothermal compounds generally become more stable at higher tempera- 
tures because an absorption of heat is necessary for their formation. Here, 
then, w’e have another ihustration of “ the principle of reversibility ” pre- 
viously discussed, p, 38. A compound formed by an evolution of heat is 
decomposed by the addition of heat; and a compound formed by an 
absorption of heat is decomposed by the withdraw^al of heat. Ozone is 
an endothermal compound ; the equilibrium conditions at different 
temperatures in the presence of oxygen are : 

0® 100® 500® 1000® 2000® 3000® 

Ozone , 9*5 X 10-ic 3-3 x lO-n 9*6 X 10~5 2*2 X 10-2 0*9 3*6 per cent. 

Quite an appreciable amount of ozone may appear to be in equilibrium 
with oxygen at ordinary temperatures, but the amount for stable equili- 
brium is inappreciable. W. Ostwald (1891) has said : 

It in generally believed that at a high temperatoe, suc^i as that viiicli exists 
in the electric arc, and in the sun^s atmosphere, all compounds must be dissociated 
into their elements. This view'’ is certainly not justified. On the contrary, 
what we actually know about the stability of compounds is that all compounds 
which are formed with an absorption of heat become more stable with rising 
temperatures, and vice t^ersd. Owing to the fact tha-t the majority of compounds 
known to us are formed from their elements with the evolution of heat, and in 
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consequence, become more unstable as the temperature rises, it lias been con* 
eluded that tliis is generally the case. But if we remember that acetylene and 
cyanogen — two compounds formed with the absorption of heat — are readily 
formed in quantity at the high temperature of the blast furnace, and in the arc 
light, we see the possibility that spectra occurring at high temperatures may 
belong to compounds which exist only at elevated temperatures. 

As a matter of fact, some endothermal compounds become exothermal 
at higher temperatures — the formation of hydrogen iodide, hydrogen 
sulphide. Conversely, some exothermal compounds become endothermal 
at higher temperatures— e.g. silicon hexaohloride. Consequently, there 
may be a reversion in the thermal value of some chemical processes when 
the" temperature is augmented* The result is that a conipoiiiid ma}- be 
unstable at low temperatures and stable at higher temperatures; or 
conversely, stable at a low temperature and unstable at a higher tem- 
perature. Hydrogen peroxide and ozone are examples of tlio former; 
w^ater an example of the latter. 

§ 10. Hess’ Law. 

Each element as well as each compound embodies a distinct and invariable 
amount of energy as well as a distinct and invariable quantity of matter, 
and thus energy is as constitutive and essential as a part of the existence 
of such element or compound. — J. B. Stallo. 

G. H. Hess (1840) measured the heat developed during the formation of 
a compound made in several different ways and came to the conclusion that 
the amount of heat evolved during the formation of a given compound 
is the same whether the compound is formed directly all at once or 
slowly in a series of intermediate stages. This is called Hess’ law. 
The principle may be illustrated by making calcium chloride by the 
action of quicldime on dilute hydrochloric acid. It is found that : 

CaO “j- 2HClaq = OaCI^aq -j- HgO + 46 Cals. 

Instead of this, first slake the quicklime, and 

CaO + HgO == Ca(OH)2 + 15 Cals. 

Dissolve the calcium hydroxide in water, and 

Ca(OH)2 + Aq = Ca(OH)2aq + 3 Cals. 

Mix the lime water with dilute hydrochloric acid, and 

Oa(OH) 2 aq "h 2HCiaq == CaCl 2 aq -h hIgO -f- 28 Cals. 

These three steps in the formation of the solution of calcium cliloiide 
give a total 28 + 3 + 15 = 46 Cals. as the heat of formation. The saino 
result was obtained by the direct action of the dilute acid on quick! imo. 
A number of experiments made on similar lines have shown that (1) The 
heat of formation of a compound is independent of its mode of 
formation ; and (2) the thermal value of a reaction is independent of 
the time occupied by the change. 

This result is but a particular application of the law* of persistence of 
energy, and it may be expressed by saying that the change of energy of a 
system in passing from one state, to another depends upon the initial and 
final states of the system, and, not on the intermediate states. Starting 
with given raw materials, suppose that it were possible to make a com- 
pound by two different processes ..so. that the total heats of formation of 
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tlie compomid were different, it follows that a decomiDosition of the coin- 
poimd formed by one of the processes (Lavoisier and La.place\s law) could 
lead to the ereatioii or destruction of energy. 

It follows from Hess’ law that if the heat of formation of carbon dioxide 
bei €,+ 20 = COa + 94*3 . Cals.- ; ■ and CO + 0 = OOa + '68 .Cals., wo' 
■'have 

(G + 20) - (CO + 0) = 94‘3 - 68 Cais. 

Consequently, the heat of formation of carbon monoxide is: C d- 0 
= CO '+ 26*3 Cals. TMs illustrates the fact tha.t the thermal value of 
a reaction is the sum of the heats of formation of the final products 
of the reaction less the heats of formation of the initial products of 
the reaction. This corollary to Hess’ law is valuable because it enables 
the heat of formation of a compound from its elements to be coiiiputed 
when a direct determination is either impracticable or very difficult. 
Similarly the thermal value of a reaction can be deduced when the heats of 
formation of the different substances which take part in the reaction are 
known. Thus, writing the heats of formation of the substances concerned 
in the following reaction below’' their chemical symbols, 

CO -1- PbO = COH- Pb 
Cals. . . . 29*2 50-3 97-3 

it follows that the heat of the reaction is 97*3 — (29*2 ~|- 50*3) = 17*8 Cals, 
It will not be forgotten that the energy of a reaction is not primarily 
inherent in any one of the reacting substances, but belongs to the system 
as a wffiole ; this^energy can be regarded as the sum of tw^o or more constants 
•which are peculiar to the respective elements involved in the change. 


Example, — It is required to compute the heat o-f formation of K + Cl === KCI, 
wdien it is known that the heat of formation of K -f 0 -f H -f- Aq == KOHaq 
+ 116*5 Cals. ; 2H -f- O = + 68*4 Cals. ; H + Cl -= HCbq + 39*3 Cals. ; 

heat of solution of KOI in water — 4*4 Cals. ; and that 

KOHaq + HClaq KClaq + HgO + 13*7 Cals. 

This last relation can be written 


(K + Cl + Aq) d- (2H + 0)iiq - (H + Cl + Aq) ~ (K + 0 + H -f Aq) = 13*7 Cals. 

Consequentlj’’, after substituting the given data, we get 

(K + Cl 4- Aq) + 68*4 - 39*3 - 116*5 = - 13*7 

.Hence, ■ , . . ■ ■ ■ . . 


K 4- Cl 4- Aq = IvClaq 4 73*7 Cals. 

Subtract the heat of solution — 4*4 Cals., and we get 73*7 — ( —4*4) = 78*1 Cals, 
for the thermal value of the reaction K 4* Cl — KCl. It will be noticed that the 
solution of potassium chloride in water is an endothermal process, and hence the 
heat- of formation of KObg is less than the heat of formation of KOI. 

There is a relatively large error in the determination of the heats of 
chemical reactions, and these errors may be magnified very much -when 
the thermal value of a reaction is obtained indirectly by calculations 
based on Hess’ law. 

Questions. 

1. Write an account of the chemistry of ozone. In wiiat way is the eom^ 

■position of ozone dednced Andrews'Umv* 

2. Finelj" divided silver thrown into hydrogen dioxide occasions a sudden 
evolution of oxygen, but the metal is not oxidized. Silver oxide in like manner 
occasions a similar evohition, and metallic silver results. , Explain these facte.— 
Science and Art 

3. Whiit are the chief properties of hydrogen peroxide 7 20 c.c. of a solution 
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of this substance, after acidification with dilute sulphuric acid, reduced 24 c.c. of 
JV'-potassium permangaziate. Calculate the percentage of hydrogen peroxide 

in the solution.~d>’if4 ilndretas t/ww. 

, , 4. .What 'is. me.ant by ■the'^-terms..,''“-endothermie and “ exothermic ” com- 

pounds f To ■what class do substances known as ‘‘ explosives ” belong ? Account 
for the greater activity of ozone over that of oxygen on thermo chemical grounds, 
and for its resolution into oxygeii by compression.— d'cfcnce and Art Dept, 

0. What is a “ silent discharge ” ? Make a sketch of a piece of apparatus 
suitable for submitting gases to such discharge, and indicate any chemical changes 
which can be produced by its means . — London Univ. 

6, What is the heat of formation of zinc chloride, ZnClg, in solution when the 
■reaction,' Zn 4-'2HCla(| =■ ZnClaai'd- ■+ 34*4 cals., and the heat of,, formation 
of an aqueous solution of hydrogen chloride, is gi^'e^ by tlie equation : Hg + CU 
!=: 2HC1 -f 78* C) cals. ? — French Coll, 

7. Discuss the question of the valency of oxygen referring specially to the 
evidence of its character as a quadrivalent element . — Board of Educ, 


A 



(A) Ozonized 
oxygen. 



(B) After the ozone has (C) 

been converted into 
oxygen by heat. 

Fig. 88. — Soret’s Experiments on Ozone, 


After removal 
of ozone with 
cinnamon oil. 


8. Five cubic centimetres of a solution of hydrogen peroxide were mixed with 
an acidified solution of potassium permanganate and 20 c.c. of oxygen were 
evolved measured at N.T.P, From this result, calculate the per cent, of hydrogen 
peroxide present in the solution. How' would such a solution be labelled in 
commerce ? — Board of Educ, 

9. When hydrogen is heated to 2100°, it has been stated that some of the 
diatomic molecules are decomposed H 2 ;?=^ 2 H ; again ozone is formed when oxygen 
is subjected to an electric discharge : S0g^203. Are the substances symbolized 
by Og, Ho, and Og elements ? How do tlie facts just indicated affect the definition 
of an*'element : An element is a substance which cannot be separated into simpler 
substances by any known means ? 

10. How may a chemical equation be modified so as to represent not only a 
redistribution of matter but also a redistribution of energy ? Explain wdiat is 
meant by the heat of formation of a compound. From the following data find 
the heat of formation of acetylene, C^Hg : WTien 24 grins, of carbon, 2 gnus, of 
hydrogen, and 26 grms. of acetylene are burnt separately in an excess of oxygen, 
194,000, 68,000, and 310,000 calories are respectively evolved. — CV/pc Lbe/r. ' 

] 1, Find the amount of heat K libera ted in the reaction AlCL, lESTa SXaCl 
4- Al + rrA. The heat of formation of aluminium chloride, AlCl^, is 1610/v, and 
of sodium chloride, NaCl, OTOJ?*. — Sydney Unin. 

12. What amount of heat is evolved when 46 grms. of metallic sodium react 
wirhan excess of w^ater, given the heats of formation of wmter (H^O) as 69 Cals., 
and of sodium hydroxide (NaOH), 112*5 Cals. ? 

13. What substances besides ozone have the power of turning iodized starch 
paper blue ? How are they distinguished from ozone ? — Science and Art Dept, 

14. Write a concise historical account of the chemistry of ozone ns developed 
by tlie researches of Schonbein, Andret^ and Tait, Brodie, Soret, HautefeiiiUe 
and Chappius, Houzeau and others. How do you account for ozone being an 
explosive substance under certain conditions ? Define the conditions under 
which it may be exploded. — Science and Aft Dept. 

15. Find the heat of formation of afdeh5>de, CgH40, from its elements when 
aldehyde is (a) liquid, and (h) gaseous. Bata : ' C^H^O H- 50 ™ 2CO3 + 2HgO ? 
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[C 2 H 4 O, 50] liquid 275*5 Cals.; [CO^] 96*6 Cals.; [HgD] liquid 68 *^* Cals. ; 
gaseous 58*7 Cals. ; [C.^H40,50] gaseous, 266*0 Cals. — -Owens College, 

“16. How is hydrogen peroxide prepared ? Mention any instances known to 
you of its action (i) as an oxidizing agent, and (ii) as a reducing agent. What is 
the evidence that its molecule contains twice as much oxygen as a molecule of 
water ?— London Unw. 

17. In Soret’s experiments a flask A, Fig. 88 , containing ozonized air was 
heated to decompose the ozone, H, Fig. 88 , and another flask containing the 
same volume of ozonized air contracted 6*90 c.c. when treated with cinnamon oil, 
O, Fig. 88 , Show that this agrees very nearly wdth the inference that 2 c.c. of ozone 
furnishes 3 c.c. of ordinary oxygen. In another experiment the contraction after 
treatment with cinnamon oil was 8*0 c.c., and with the same amount of ozonized 
air, the oxygen absorbed by treatment with potassium iodide iTuthout change of 
volume was 3*9 c.c. Show that this means that 8 c.c. of ozone is nearly equivalent 
to 8*0 3*9 c.c. of oxygen. 



CHAPTIE XII 

Osmotic Pressure and Related Phenomena 

§ 1, Diffusion in Gases and in Liquids, 

The act of dissolution is probably not due to chemical combination in tli© 
first place, but is probably analogous to the sublimation of a solid into a 
gas, and proceeds from the detachment of molecules from the surface of 
the solid, and their intermixture witli those of the surrounding liquid. 
This is doubtless due to the impact of the moving molecules of the liquid. — 
W. G. Tilden. 

Let a large crystal of a coloured Mt-— say copper sulphate — be placed 
at the bottom of a tall glass cylinder, and the remainder of the jar be 
filled with water. The coloured salt is chosen because the movements of 
the resulting solution can be readily seen. Let the jar stand where it 
will not be disturbed by evaporation, agitation, etc. The surface of 
separation between the solid and solvent will be gradually obliterated ; 
in time, the coloured salt wid diffuse uniformly throughout the whole 
body of liquid. The diffusion of the salt in the solvent seems to be 
analogous with the process of diffusion in gases. It is inferred that the 
molecules of the liquid are in perpetual motion in all directions ; and 
that the protracted time occupied by the diffusion of the molecules of tlie 
dissolved salt in the liquid is due to the close packing of the molecules 
of the liquid. Consequently, the free progress of the molecules of the 
dissolved salt — p. 139 — in the solvent is greatly impeded. 

Just as the molecules of a gas in a closed vessel are disseminated in a 
relatively large space, so are the molecules of a solid in solution scattered 
in a relatively large volume of solvent. It is true that the molecules of 
the salt in solution could not occupy the space if the solvent were absent, 
otherwise the analogy between a substance dissolved in a solvent and a 
gas scattered in space would be very close. Arguments from analogy are 
notoriously treacherous ; and whatever conclusions might be inferred 
from a closer study of the analogy between the process of solution and 
gaseous diffusion, the fact that the molecules of the dissolved substance 
are oo-mingled with the solvent, and that the molecules of the gas are not 
associated with such an agent, must be constantly borne in mind. As 
G. F. Fitzgerald has said: ‘‘The, dynamical condition of molecules in 
solution is essentially and utterly different from that of the molecules of a 
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; ' § 2. Solution Pressure — Osmotic Pressure. 

iTust as a small quantity of water is able to dissolve a quantity of salt which 
can diffuse itself through a large quantity of water, so a quantity of air 
which can expand and diffuse itself through a large space may be con- 
tained within a small compass.-— R. Hooke (166i). 

If the , diffusion of gases, be resisted by placing a perineabie .partition 
between two gases, a pressure will be exerted upon the partition, as was 
exemplified in the experiments on p. 129. It is easy 
to show that the particles of a dissolved substance 
exert a similar pressure when a partition is placed 
between the solution and solvent so that the partition 
offers no obstacle to the free circulation of the mole- 
cules of the solvent, but resists the free passage of the 
molecules of the dissolved substance. 

A piece of wet bladder is stretched and wired over 
the head of a mde thistle-headed funnel with a stem 
about 10 cm. long. When nearly dry, the bladder is 
removed and the hot funnel is smeared about the rim 
with marine glue. The bladder is immediately wired 
securely in position. The thistle-headed funnel is 
nearly filled with a concentrated solution of cane sugar 
and joined by means of pressure tubing or a rubber 
stopper with a piece of capillary tubing of J mm. bore 
bent S-shaped as indicated in Fig. 89. The funnel is 
immersed in a jar of water. The level of the index 
of coloured water in the capillary tube is marked with gummed paper, 
and the apparatus is allow^ed to stand over night. In the morning the 
liquid in the capillary will have risen about 10 cm. Water has obviously 
passed from the beaker through the membrane into the sugar solution. 

The passage of water through a membrane in this manner is called osmosis — 
from the Greek (osmos), a push. If the osmosis be inwards, towards the 

solution, it is called endomosis; if outwards, exosmosis. The membrane per- 
meable to the solvent, impermeable to the dissolved substance, is called a semi- 
permeable membrane. The extra pressure exerted upon the membrane by the 
sugar solution was styled, by W, Pfeffer (1877), ‘"the osmotic pressure of the 
sugar solution.” Solutions with the same osmotic pressure are said to be is- 
osmotic or isotonic. 



Fig. 89. — Illustra- 
tion of Osmotic 
Pressure, 


The action is curious. In the ordinary nature of things the sugar 
would diffuse into the solvent until the whole system had one uniform 
■ concentration. The membrane prevents this. If the sugar cannot get 

to the solvent, the solvent goes to the sugar — a case of Mohamet and 
; the mountain. Molecules of sugar and molecules of water attempt to pass 

1 through the membrane ; the way is open for the molecules of water, but 

not for the molecules of sugar. Water can pass freely both ways. The 
j extra pressure on the solution side of the membrane — the solution pres- 

; — is supposed to be due to the bombarding of the membrane by the 

I molecules of sugar. Equilibrium occurs when the number of molecules 

of water passing downwards through the membrane is equal to the number 
j passing in the opposite direction. The resulting pressure is the solution 

pressure or the osmotic pressure of the solution., , 
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: ',Xet US be perfectly 'clear about'this, orwe.may be' led into, error. , Tlie 
observed, is that the osmotic pressure is the excess of' the pressure 
bn the solution side of a semipermeable membrane over the pressure 
on the solvent side. The hypothesis here suggested— •often styled vaii't 
HoS’s hypothesis — is that this pressure is due to the bombarding of the 
semipermeable membrane by the dissolved molecules trying to diffuse into 
the solvent and make solvent and solution one uniform concentration. 
Harsh experience alone can shatter or establish this revolutionary 
hypothesis. 

Imagine the experiment arranged a little differently. Suppose the 
aqueous solution of sugar in the lower part of a cylinder, Fig. 90, to be 
separated from the pure solvent in the upper part of the cylinder by a 
semipermeable membrane A, so fitted that it can slide freely up and down 
the cylinder. The upward osmotic pressure of the solution will naturally 
force the iDiston upwards, and a weight P, equivalent to the osmotic pressure 
of the solution, will be required to keep the semipermeable membrane 
in one fixed position. A. C. Brown has an interest- 
ing experiment illustratiug this. A concentrated 
solution of calcium nitrate is saturated with phenol 
and the mixture poured into a tall narrow cylinder* 
The excess of phenol rises and floats upon the 
surface of the calcium nitrate solution. The phenol 
should not be in larger excess than is required to 
give a layer a few millimetres thick. Bistiled 
water, saturated with phenol is carefully poured 
above the two layers of liquid in the cylinder. The 
water floats on the surface of the phenol* The 
water on both sides of the phenol can traverse 
the partition of phenol, but the calcium nitrate 
cannot pass through. Hence the layer of phenol 
is a semipermeable membrane. Mark the level of the layer of phenol 
in the cylinder by means of a piece of gummed paper. If the upward 
motion of the layer of phenol be marked from day to day, it will be 
found to rise higher and higher, and finally surmount the rest of the 
liquid in the cylinder. 



Fig. 90. — Osmotic 
Pressure. 


§ 3. The Measurement of Osmotic Pressure. 

The basis of all knowledge is experiment ; the very essence of experiments 
is exactness ; and exactness can be obtained only by precise measurements. 
— J, T. Spbague. 

Animal membranes are objectionable when exact measurements are 
required because, to a certain extent, the results depend upon the nature 
of the membrane ; the membrane is not strong enough to withstand the 
great pressures developed by osmosis; and, most serious of all, the 
membrane is not quite semipermeable, an appreciable amount of, say, 
sugar does actually pass through the membrane. It would therefore be as 
profitable to measure the pressure of a gas in a leaking vessel as to try to 
measure the osmotic pressure of a solution with a membrane which allows 
part of the dissolved substance to , pass through. We therefore fail back 
on artificially prepared membrahes, .Ifo artificial membrane has been 
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so successful as a film of copper ferrocyanide deposited ^ between the 
inner and outer walls of a “ porous pot, ’’"and illustrated by the sketch of 
a broken pot, A, Fig. 91. The porous pot with its 
semipermeable membrane A is fitted with a suitable 
manometer (Fig. 92) to indicate the pressure. W. 

Pfeifer made some measurements with cells made in 
this manner, in 1877. The apparatus was immersed 
111 a large bath of water to maintain the temperature 
constant during the experiment. 

MenomaNr. 

§ 4. Osmotic Pressure and the Gas Laws. 

The development of the bombardment theory of 
osmotic pressure is largely based on the analogy 
between the processes of solution and vaporization. 

The process of solution can be compared with 
vaporization; the dissolved substance is distributed 
throughout the whole bulk of the solution, and, 
pursuing the analogy, the solvent 
thus plays the part of so much 
space. The vapour pressure of 
a solvent in space wiU thus be 
represented by the osmotic pres- 
sure of a substance in solution. 

The closed space over a liquid 
becomes saturated with vapour, 
so does a solvent in contact with 
the solute form a saturated solution. An increase in temperature 
augments the vapour pressure of a liquid, and likewise too the osmotic 
pressure of a solution. 

1. The relation between osmotic pressure and the concentration 
of the solution — Boyle’s law. — W. Pfeifer (1877) obtained some data 
with this apparatus which J. H. van’t Hoff (1887) utilized, with remarkable 
cleverness, in developing what he called “ the role of osmotic pressure in 
the analogy between solutions and gases.” The experimental data showed 
that the osmotic pressure is very nearly proportional to the concentration 
of the solution ; otherwise expressed, the osmotic pressure appears to 
depend upon the degree of crowding of the molecules of the dissolved 
substance. Instead of repeating Pfefier’s measurements, a selection from 
some later determinations with solutions of glucose by H. N. Morse (1907) 
can be quoted (temperature nearly 0°), rounding off the decimals to the 
nearest tenth of a unit ; 

Concentration 
Osmotic pressure 
Equivalent gas j^ressure 




Fig. 91. — Semiper- 
meable Mem- 
branes. 


Pig. 92, — Measure- 
ment of Osmotic 
Pressure. 


0*1, 

0*2, 

0*3, 

0*4, 

0*5, 

0*6, 

1*0 


2*4, 

4*7, 

7*0 

9*3, 

11*7, 

14*1, 

23*7 

atm. 

2*2, 

4*6, 

6*7, 

8*9, 

11*1, 

13*4, 

22*3 

atm. 


^ By steeping a clean porous pot in an aqueous solution of potassium ferro- 
cyanide, rinsing'in water, and then submerging the pot in an aqueous solution 
of copper sulphate. 

2 Morse’s data are here rounded ofi, and only a few selected. One motecule 
w^eight of glucose expressed in ^ams will occupy 22*3 litres (p. 84). Hence 
0‘1 molecule will occupy 2*23 litres. )By choosing the concentration so that 
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111 dealing with, the concentration of solutions, the same unit of eoiii» 
parison can be employed as in dealing with gases, viz., the molecular weight 
of the solute expressed in grams per 22*3 litres at n.p.t. 

The “ equivalent gas pressure ” is here calculated on the assumption 
that a “ sugar gas ” obeying Boyle’s laiv really exists. The results are 
plotted in Fig. 93. The deviation of the osmotic pressure curve from the 
dotted curve emphasizes the fact that the deviations of the osmotic from 
the equivalent ‘‘ gas pressures ” grow larger with increasing concentrations, 
and hence exact proportionality occurs only when the solutions are very 
dilute. For dilute solutions, the osmotic pressure is nearly proportional 
to the concentration, or, as W. Ostwald puts it, “ the osmotic pressure of 
a sugar solution has the same value as the pressure the sugar vx)uid 
exert if it were contained, as a gas, in the volume occupied by the solu- 
tion.” This is another way of saying that the relation between the osmotic 
pressure of a solution and its concentration has the same form as Boyle’s 

law for gases. The analogy does not 
work out so well for concentrated 
solutions as with dilute solutions— 
possibly owing to the disturbing 
effects of overcrowding produced 
by : ( 1 ) molecular attraction be - 
tween the molecules of the dissolved 
substance ; (2) and between the 
molecules of the solute and solvent ; 
and (3) the volumes of the moIe> 
cules themselves. The first and 
last of these effects for gases were 
discussed when dealing with Boyle’s 
law for gases." ■, 

2. The relation between os- 
motic pressure and temperature— 
Charles’ law. -—Pfeifer’s meaSure*- 
ments on the mfluenee of tempera- 



0'2 0-4 0‘6 0'8 H 

Concentration. 

Fig. 93. — Osmotic Pressure and 
Concentration. 


2(P 25*" 

26-0,, 27*0 atm. 
24*2, 24*5 atm. 


ttire also showed that the osmotic pressure is proportional to the absolute 
temperature, which means that the relation between the osmotic pressure 
and the temperatiire of a given solution has a formal analogy with Charles’ 
law for gases. In illustration, some results by H. N. Morse (1911) for unit 
concentration may be quoted : 

Tcniperaturo . 0® 6® 10*^ 15° 

Osmotic pressure , ..... 24*8, 25*3, 25*7, 26*2, 

Equivalent gas pressure , . , . 22*2, 2-3*0, 23*4, 23*8, 

The “ equivalent gas pressure ” is here calculated on the assumption 
that a sugar gas ” obeying Charles’ law really exists. These numbers 
are plotted in Fig, 94, and the graphs show the propoiiionality between 
osmotic pressure, p, and temperature,; constant. The space 

between the two curves represents the deviation of the obser\^(!d osmotic 

in Boyle’s relation, '/w constant, a solution containing a molecular weight 
expressed in gi*ams, per 22*3 litres, has, a concentration of 22*3 units when p — I, 
we get from Boyle’s law :p -f- (7 22*3; The concentration, it will be remembered, 

is inversely proportional to the volume. / 'Hence for a concentration 0*1, -we get 
p a* 2*23; for V 0*2, '-p' =« 4*40,' etc.' ' . 
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pressure; from the pressure' Galculated-- on. the 'assmiiption that the dis- 
solved substance behaves as if it were a gas. One gram-molecule of a 
gas under standard , conditions occu- 

pies nearly ;22 ’3 litres; similarly 'one | ^ ^ ■ 

■gram-molecule '; of a , solute, in 22*3 < 

litres of solvent may be said to : 

occupy 22*3 litres, and to exert an ^ j 

osmotic pressure equivalent ■ to ' one' ^ ^ 

atmosphere, ‘ If P denotes the osmotic ■ r^m ^ • 

pressure and F the volume, P¥ ^ RT. „ ^ 

S.^^^, quaiUiim propmtioml to (he “ 

grcmi-mokcular vmghts dissolved ill the 

same quantities of solvent exert tlie same osm.otic pressure^ and if we were 
dealing with solutions containing n gram molecules of solute, PF = nBT. 

3. Avogadro's hypothesis applied to solutions.— By a comparison 
of the concentration of solutions at the same temperature and the same 
osmotic pressure, it has been inferred that they contain the same number 
of molecules of the dissolved substance per unit volume. The term 
number of molecules ” is used in the same sense that the term is used 
in stating Avogadro’s hypothesis for gases : Equal volumes of all gases 
at the same temperature and pressure contain the same numher of mole- 
cules ; or conversely, at any assigned temperature, the pressure of a gas 
dep)ends on the mmiher of molecules and not on their hindP Hence van’t 
Ho:^’s hypothesis assumes that the osmotic pressure and related properties 
— vapour pressure, freezing point, and boiling point — of dilute solutions 
(1) depe^id upon the numher ^ of molecules of solute dissolved in unit volume 
of the solution, and (2) are independent of the chemical nature of the solvent 


and solute, and (3) of the relations hetiveen solvent and solute. 

Equal volumes of solutions containing the same number of solute 
molecules have the same osmotic pressure. There is a striking re- 
semblance between this assumption and Avogadro's hypothesis for gases, 
and. it harmonizes with a number of facts. The principle can be applied 
J to measure the molecular weight of substances in solution. 

Examples. — (1) An aqueous solution of 1*0047 gram of orthoboric acid per 
litre at 0*^ has an osmotic pressure of 27*3 cm. of mercury. What is the molecular 
weight of the acid ? Since 1 gram-molecule of a substance in the gaseous 
state occupies 22*3 litres at 0° and 760 mm., we have here to find what weight 
of substance will occupy 22*3 litres at 0° and 760 mm., given 1*0047 gram occupy 

1 litre at 0*^ and 273 mm, pressure. Obviously, 1*0047 gram %vill occupy 0*3G1 
litre at 0*^ and 760 mm. ; and if 0*361 litre weighs 1*0047 gram, 22*3 litres will 
weigh 62 grams at the same temperature and pressrire. Hence the molecular 
weight of the given acid is 62 ; this agrees with the formula B{OH)a for ortho - 
boric acid. 

(2) A 2 per cent, solution of cane sugar has an osmotic pressure of 1016 mm, 
at IS'^ ; what is the molecular weight of cane sugar ? 100 e.c. at 1016 mm. pressure 

becomes 0*126 litre at 760 mm. pressure and 5^^, and 0*126 litre corresponds with 

2 grams of cane sugar. Hence 22* 3, litres will have 355 grams at the same tempe- 
i*ature and pressure. The molecular weight of cane sugar is therefore 355. The 
true number is 342. 

There are bo many experimental, difficulties involved in the direct 

^ Go'll'igatxye Peopesties.-— In'; contradistinction to additive properties, 
colligative properties depend on the, relative number of molecules present and 
not on the kind of molecules — e.g. tile osmotic 'pressure and the freezing and boiling 
points of solutions. 
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measurement of osmotic pressures that the method is rarely if ever em- 
ployed for molecular weight determinations. 


§ 5. The Relation between the Vapour Pressure of a Solution and 
the Molecular Weight of the Solute. 

M. Faraday knew, in 1822, that the vapour pressure of a solution is 
lower than the vapour pressure of the pure solvent ; but A. Wiillner dis- 
covered tile important fact experimentally, in 1858, that the lowering of 
the vapour pressure of a solution is proportional to the quantity of 
substance in solution provided that the dissolved substance is non- 
volatile, This is sometimes called Wiillner’s law. 

Suppose a solution A, Fig. 95, confined in a long-stemmed tube, as 
illustrated in the diagram, be separated by a semipermeable membrane 
M from the pure solvent. Let all be confined in a closed vessel. Osmotic 
pressure will force the solution to rise in the narrow 
tube to a height when the whole system is in 
equilibrium. Let p, denote the vapour pressure of 
the solution in the narrow tube, and p the vapour 
pressure of the solvent in the outer vessel. The 
vapour pressure of the solution at the surface in the 
narrow tube must be equal to the vapour pressure of 
the solvent at the same level, otherwise distillation 
would take place either to or from the surface of the 
liquid in the narrow tube. In either case there would 
be a constant flow of liquid respectively to or from 
the vessel A through the semipermeable membrane in 
order that ^ may have a constant value. Othervcse 
expressed, perpetual motion would oeeur. By the 
‘Taw of excluded perpetual motion” this is impossible, 
lienee the vapour pressure of solution and solvent at 
the upper level of the solution in the narrow tube 
must be the same. The vapour pressure of the solvent 
at the level a will be equal to the vapour pressure of the solvent at the 
lower level h less the pressure of a column of the height k or p = 'Pg -j- w. 
Since the height h is determined by the osmotic pressure, which in turn is 
determined by the concentration of the solution, there must be a simple 
proportionality between the osmotic pressure or concentration of the 
solution and the lowering of the vapour pressure (j; — pg). Just as the 
osmotic pressure of a dilute solution is proportional to the concentration 
of the dilute solution, so it can be proved that the vapour pressure is 
proportional to the osmotic pressure, and consequently, the relative lower- 
ing of the vapour pressure of a solvent by the addition of a foreign sub- 
stance is proportional to the concentration. The phenomenon can be 
illustrated by introducing about 2 o.c. of water, 2 c.c. of a 2 per cent, 
solution of potassium iodide, and 2 c.c. of a 4 per cent, solution of the same 
salt into the Torricellian vacuum of three barometer tubes mounted 
within a hot jacket. The effect vdli be obvious from Fig. 96. 

If to denotes the weight of substance in grams dissolved in 100 grams 
of solvent, and if p denotes the resultant lowering in the vapour pressure 
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Hof ^ 
Jacket 


4% H(: 
2% HI. 
PVater, 


of the solvent, it can he shown by an extension of the above reasoning 
that the molecular weight, of the solute is : "■ 

.w 

Molecular weight = ifc— 

. . ■ ■■■■■ P " 

where J: is a constant whose numerical value depends upon the particular 
solvent used. The method for determining the molecular weight of a sub- 
stance from direct measurements of the lowering of the vapour pressure 
is of great theoretical interest, but in practice the method is seldom 
employed, because some of the 

related properties of solutions i/apour. 

are more amenable to accurate 
measureme.nt. , 

Deliquescence.— -Tf a soluble 
substance becomes moist by 
the condensation of moisture 
on its surface on exposure to 
the air the vapour pressure of 
the concentrated solution so 
formed is less than the vapour 
pressure of the moisture in the 
surrounding air,. Hence more 
moisture condenses on the sur- 
face, and this continues until 
the vapour pressure of the 
solution is equal to the vapour 
pressure of the aqueous vapour 
in the atmosphere. Thus de- 
liquescent substances not onty 
become moist, but they attract 
so much moisture from the 
atmosphere that they dissolve 
in the water removed from the 
atmosphere ; e.g. calcium chlo- 
ride, potassium carbonate, sul- 
phuric acid, etc. 

The evaporation of solu- 
tions. — C4. F. Fitzgerald (1896) Fto. 96. — The Vapour Pressure of Solutions, 
has pointed out that the kinetic 

theory of evaporation describes the lowering of the vapour pressure 
of a solution in this manner : The presence of non-volatile molecules 
of the solute at the surface of the solution hinders the egress, but 
does not prevent, or possibly facilitates, the return of the volatile 
molecules (Fig. 56). The gas-analogy hypothesis of osmotic pressure 
assumes that the presence of a body in solution produces no effect or 
the same effect on the ingress or egress of the molecules of the solute, for 
the surface of a liquid with a non-volatile solute is a perfect semipermeable 
membrane — water molecules can pass through the surface freely, but the 
molecules of the solute cannot. It is a remarkable coincidence that with 
dilute solutions the osmotic pressure is rougHy the same as that which 
would be produced by the molecules . of the solute if it were in the gaseous 



254 MODERN JNOBGANIO CHEMISTRY ' ' ' ' 

state, btit, as previously indicated/ the ■dynamical theory :Of tlie: two must 
be intrinsically diflbrent. 

§ 6. Callendar^s Vapour Pressure Hypothesis of 'Osmotic Pressure. ■ 

The substitution of analogy for fact is the bane of chemical pliilosopliy ; 
the legitimate use of analogy is to connect facts together and to guide to 
new experiments. — H. Davy. 

Vague similarities in certain pi’Operties are never sufficient to determine a 
person who earnestly seeks for the truth and is not shackled by hypotheses. 

■ . — J. Bekoman. ■ , , , 

The gas-analogy hypothesis of osmotic pressure.— The “laws” 
associated vdth the names of Boyle, Charles, Dalton, and Graham, 
and the hypothesis of Avogadro, are but a few of the many striking 
analogies subsisting between the behaviour of gases confined in a given 
space, and substances in dilute solution. We know enough about 
nature to believe that if two things are exactly alike, they will behave 
alike under the same circumstances; but when the things compared 
are not quite similar, we must be prepared for discrepancies. Analogy 
is not proof. Had Isaac ISTewton measured the refractory power of 
native cadmium sulphide — ^greenockite—he would no doubt have said : 
“greenockite is probably an unctuous substance coagulated/’ and he would 
have been wrong. As it happened, this prognostication turned out all 
right with the diamond. The hyp)<5l^®sis osmotic pressure of a 

dilute solution is produced by the bombardment of the semipermeable 
membrane by the dissolved molecules gives a very plausible interpretation 
of the analogy between the behaviour of dissolved molecules and the 
molecules of a gas brought out by J. H. van’t Hofi, but, in theory, makes 
so little of the part undoubtedly played by the solvent, and, in practice, the 
analogy appears to break down so completely with more concentrated 
solutions that a number of rival hypotheses have been advanced to explain 
the phenomena. The principle of exhaustion, indicated on p. 20, compels 
us to investigate other h 3 q)otheses. H. L. Callendar’s vapour pressure 
hypothesis (1909) is one of the most satisfactory of the purely physical 
, explanations of osmotic pressure, and it is superior, in many respects, to 
the gas- analogy hypothesis. Callendar’s hypothesis has been tested with 
somewhat concentrated solutions, and wherever data are available it lias 
been eminently successful. 

The vapour pressure of a liquid under pressure.— Experiment slKnvs 
that the maximum vapour pressure of a solution can be altered in three 
ways ; (1) by altering the temperature (p. 187) ; (2) by varying the con- 
centration of the solution (Fig. 96) ; and (3) by altering the pressure under 
w^hich the liquid itself is confined. The effect of pressure on the freezing 
point of water {ON, Fig. 61) is an application of the third piincipie. 

The student might very properly raise the objection to the third method of 
altering the vapour pressure of a liquid; it has been shown, p. 187 , to be im- 
possible to raise the pressure on a saturated vax^oirr %Yithout cruising it to liquefy. 
If a vertical cylinder, provided with a piston, contains nothing but winter -liqukl 
and vapour, it is quite true that the descent of the'piston will result in the con- 
densation of water vapour until all the vapour is liquefied, and as long as water 
vapour is present the vapour pressxire remains constant. On tlie contrary, if air 
as well as water vapour be present, it is easy to see tliat the volume ofhlie air 
decreases, or the pressure of ike air on the. surface of the liquid increases during the 
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cieseeni of the piston, 'J'Jie water vapour still supports its own share of the? total 
pressure up to its maximum vapour pressure, and water vapour not quite so 
much as before wlil condense, consequently the liquid under a considerable ex- 
ternal pressure can exert a greater vapour pressure than the ma,ximum vapour 
pressure under atmospheric pressure. 

The relation between vapour pressure and osmotic pressure.— It 
has been proved experimentally that the maximum vapour pressure of 
a solution under , very great pressures is rather ^ greater than the 
maximum vapour pressure of the same solution under atmospheric 
pressures, see the curve ON, Fig. 61, Again, the vapour pressure of a 
solution is less than the vapour pressure of the pure solvent, Fig, 61, 
Consequently, if the pressure on a solution be sufficient!}^ augmented, the 
pressure of its vapour can be made equal to the vapour pressure of the pure 
solvent under atmospheric pressure. This is the condition necessary in 
order that solution and solvent can exist side by side in equilibrium. If 
the vapour pressure of the solution were less than that of the pure 
solvent, the s3^stem would not be in equilibrium, because vapour would 
distil from the solvent into the solution until the vapour pressure of both 
were the same. Conversely, when a solution under its own osmotic 
pressure and the pure solvent are in equilibrium, it follows that their 
vapour pressures must be equal. Hence, according to Callendar : The 
osmotic pressure of a solution represents the external pressure which 
must be applied in order to make its vapour pressure equal to that 
of the pure solvent. With this hy^pothesis, Callendar has calculated 
the osmotic pressures of sugar solutions of different concentration from 
published vapour pressure data, and the results are in close agreement 
with observation : 

Concentration . . . , . , 180, »300, 420, 540 grams per litre. 

Observed osmotic pressure . . 1.4'6, 26*8, 44*0, 67' 5 atmospheres. 

Calculated osmotic pressure . .14*1, 26‘8, 43*7, 07*6 atmospheres. 

Hence it is inferred that osmotic equilibrium depends upon the equality 
of the vapour pressure of the solution and of the pure solvent. 

A semipermeable membrane may be likened to a partition pierced 
by a large number of minute capillary tubes ; suppose that the capillary 
tubes are not wetted by either the solvent or solution, then neither the 
liquid solvent nor the solution can enter the capillaries,^ although vapour 
can diffuse through the capillary tubes. But the vapour pressure of the 
solution, on one side of one of the capillary tubes is less than the vapour 
3 :)ressure of the solvent on the other side ; consequently, vapour wiU pass 
through the capillary and distil from the solvent to the solution. Hence 
the volume of the solution will increase, and if the solution be confined 
in a closed vessel, the pressure must rise and continue rising until the 
vapour pressure of the solvent and solute are the same. This increase 
in the j^ressure is the so-called osmotic pressure of the solution.’’ 

J 7, The Relation between the Boiling Point of a Solution and the 
Molecular Weight of the Solute. 

In Figs. 62 and 97 the curve PO represents the vapour pressure of the 
solid, and OQ the va]30ur pressure of the pure liquid. The two curves 

^ Unless the pressure on one of the iiquidS'.exeeeds 100 atmospheres* 



Molecxilar weight = 5’2^“ 

This enables the molecnlar weight of many substances to be determined 
from their effect on the boiling point of water. The particular solyent to 
be used depends on the solubility of the substance under investigation* 
If ether is used in place of water,, 5*2, must be altered to 21 *6, etc* 
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intersect at the freezing point 0. Let Q, Fig. 97, represent the boiling 
point of the solvent at 760 mm. pressure, then since the vapour pressure 
of a solution is less than the vapour pressure of the pure solvent, let O'Q^ 
represent the vapour pressure curve of a given solution. Then PM will 
represent the freezing point of the solvent, and PM' the freezing point of 
the solution. Since PM' is less than PM, the freezing point of the solution 
wdll be less than the freezing point of the solvent ; and since PN' repre- 
sents the boiling point of the solution and PN the boiling point of the 
solvent, the boiling point of the solution must be greater than the boiling 
point of the pure solvent. This agrees with experiment. For instance, 
with solutions of potassium iodide in 100 grams of w^ater, G. T. Gk=*riach 
(1887) found : 

. 100° 101° 102° 1011° 104° 105° 

0,-. 15, ao, 45, 60, 74 grams 


.Boiling point . 
Potassmm iodide 


760mm\ 


If the solutions are very strong the relation is not quite the same, but 
with dilute solutions, the raising of the boiling point of a dilute solution 
is directly proportional to the weight of the dissolved substance in a 
given weight of solvent. Double the concentration of the solution, and 

the elevation of the boiling point will be 
doubled. An equal number of mole- 
cules of the dissolved substance in the 
same quantity of a solvent give the 
same elevation of the bpiling point — 
F. M. Raoult’s law (1883-84)* Hence 
the rise in the boiling point of a sol- 
vent is proportional to the number of 
molecules of the dissolved substance 
*in solution, and inversely proportional 
to the molecular weight of the solute* 
One gram-molecule of cane sugar 
(342 grams) dissolved in 100 grams of 
w-ater raises the boiling point of the -water 5*2®, that is, from 100® to 
105*2°. This constant is called the boiling constant for water; it is 
sometimes called the “ molecular elevation of the boiling point per 100 
grams of solvent.” Each solvent has its owm specific boiling constant : 
e.g, acetone, 16*7 ; benzene, 26*7 ; ether, 21*6; carbon disulphide, 23*5, 
etc. The boiling constant is determined by finding the boiling point of, 
say, water and of aqueous solutions containing 0*02, 0*06, 0*10 gram- 
molecules of cane sugar, and calculating the results per 342 grams of 
cane siigar. 

Suppose that w grams of a substance dissolved in 100 grams of water 
raised the boiling point of the water h°. Then, if M be used to denote 
the molecular w^eight of the substance, -we have the proportion ; 
w: M = 5 : 5*2 ; or, for substances dissolved in water : 


M'M N H' 

Temperatures. 

Fig. 97. 
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Examples,- — (1) E, Beckmann (1890) foiind that 2*0579 grams of icdine 
dissolved in 30*14 grams of ether raised the boiling point of the ether 0*566°. 
What is the molecular weight of iodine ? Here, 2*0579 grams of iodine in 30*14 
grams of ether correspond with 100 X 2*0579 -f- 30*14 = w = 6*8278 grams 
of iodine in 100 grams of the solvent. Hence, M = 21*6 X 6*8278 -h 0*566 = 254*6. 
This corresponds with the formula Ig when iodine has a molecular weight of 
253*84. The numbers seldom, if ever, coincide, btit there can be no mistake 
in the significance of the figures. 

(2) E. Beckmann (1890) found that a solution of T4475 grams of phosphorus 
in 54-65 grams of carbon disulphide 
raised the boiling point 0*486°. What 
is the molecular weight of the phos- 
phorus ? Answer : Molecular weight, 

129*16. The atomic weight of phos- 
phorus is 31, hence the molecule of 
phosphorus is represented : P., 

(3) A. Helff (1893) found that 0*2096 
gram of sulphur in 17*79 grams of 
carbon disulphide raised the boiling 
point 0*107°. Hence show that the 
molecular weight of sulphur is probably 
Sg. Here = 1*17 ; and the molecular 
weight is 269. This is close to the 
theoretical value 256 for Sg. 

E. Beckmann’s process for the 
determination of boiling points 
(1;888-"96). — ^The apparatus consists 
of a glass boiling tube A, Fig. 98, 
witli a |)iece of platinum wire sealed 
in the bottom, and packed with 
beads to prevent irregular boiling. 

A side tube with a condenser C 
liquefies the vapour given off during 
the boiling ; and the exposed end of 
the condenser is closed with a cal- 
cium chloride tube i). The boiling 
tube is surrounded by a jacket of 
some non-conducting material, to 
prevent the radiation of heat. The 
boiling tube is fitted with a Beck- 
mann’s thermometer, T, which can 
be read to ^ degree, and 

set ^ so that the mercury is about 
half-way up the stem when the 
solvent is boiling. The boiling tube 

has a stoppered side tube, J, for introducing the solution under investi- 
gation. The w^hole is clamped to a stand and rests on an asbestos 
tray F. 

The boiling point of the solvent is first deternoined. The boiling tube 
is weighed. The solvent is introduced and its boiling point determined 

^ This thermometer has a reservoir of .mercury at the top so that it can be 
set for use at any desired temperature as indicated, in text-books of laboratory 
processes. In this way, an inconveniently ; long, or an inconveniently largo 
number of thermometers are not, needed. The ; thermometer is always tapped 
before a reading to make sure the mercury is not; lagging behind. . The lens L 
facilitates the reading of the thermometer, , 



Fig. 98. — Beckmann’s Apparatus for 
Boiling-point Determinations. 
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when the boiling is brisk/and'vigorom^ A known weight of the substa-nce 
is then introduced, and the boiling point of the solution determined, A 
correction is made by subtracting 0’2 to 0'4 gram from the weight of the 
solvent in order to allow for the solvent condensed on to the walls of the 
apparatus and the condenser. The actual correction depends upon the 
nature of the solvent and the particular form of the apparatus used. The 
diflieulty with this apparatus is to avoid fluctuations of temperature in 
the boiling tube due to the radiation of heat ; dripping of the cold liquid 
from the condenser into the boihng solution, etc. Many other forms of 
apparatus for this determination have been devised, 

^ Landsberger's method ' for the determination of 'boiling ' points 
(1898). — ^IVhen the solution of non-volatile solute boils, the vapour of the 
solvent and solute are in equilibrium ; this condition can be established by 
leading the vapour of the boiling solvent into the solution. When the solu- 
tion is at its boiling point, the vapour will pass through the system without 

condensation, and if 
the solution is be- 
low this temperature 
some vapour will 
condense, and the 
latent heat of con- 
densation will con- 
tinue , .heading,' \ the 
■solution '■,•„ "u^tii: ,, ;..,th 0 
boiIln.'g,'.'-poin''f'' 
reached. ■'• „ There, ^ is 
virtually, : no , ■ danger' 
of ' ■ superheatiiig •' the 
solution. „■'■ This prin- 
ciple ' has .been' eni- 
ployed successfully in 
measuring the boiling 
points of solutions in 
molecular weight determinations. In W, Landsberger’s apparatus, a 
modifi-catioxi of which is shown in Fig. 99 > the solvent is boiled in the 
flask A, and the vapour passed into the solution vm the tube F, The 
temjjerature of the solution is raised to its boiling point by the latent heat 
of condensation of the vapour of the solvent. The vapour of the solvent 
passes to the condenser G through F around the boiling tube, and thus 
the inner tube^ is jacketed with the vapour of the boiling solvent. Tins 
reduces radiation losses* The boiling point of the solvent is first deter- 
mined, and. a weighed amount of the solute is introduced into the inner 
tube Bf which is graduated so that the boiling can he interrupted for a 
moment before more solute is added, and the volume of the solution read 
at a glance. With the px^eceding notation, with water as a solvent, 

^ 

Molecular weight = 5 *2g 

where denotes the weight of the substance per 100 e.c. of the solvent, 

^ The barometer should bc t'ead .to anake sure no apprecdable change occm’s 
during a determination. 
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and /^ represents tlie elevation of tiie boiling point. If other solvents 
be used 5*2 is altered thus : for acetone, 22*2 ; benzene, 32*8; ether, 
30*3 ; carbon disulphide, 26. If the boiling tube be weighed so that the 
. amount of solvent is determined by weight, and not by .volume, the original 
forimila, on.p, 256, is used. , ' 

Example. — If 0*829 gram of a substance with 8*1 c.c. of acetone gave a rise 
of 1*47® in the boiling point of the solvent, what is the molecular weight of the 
substance ? Here, w ^ 100 X 0*829 -f- 8*1 ~ 10*24. In the above" formula, 
5*2 for water is changed to 22*2 for acetone. Hence the desired molecular weight 
is22*2 X 10-24 -4- 1-47 = 154. ' ' ' 

In the laboratory, advantage is taken of the fact that the boiling point 
of a solution is higher than the boiling point of the pure solvent to get 
liquids for baths, etc., boiling a few degrees higher than water, by dis- 
solving the necessary amount of a salt in water. For example, a saturated 
solution of sodium nitrate boils at 120°, and a saturated solution of sodium 
chloride at 180°. 

§ 8. The Relation between the Freezing Point of a Solution and the 
Molecular Weight of the Solute. 

Similar remarks apply mufatis mutandis to the freezing point of solu- 
tions as were made with reference to the boiling point. A study of Fig. 97 
will show that if the vapour pressure of solution is less than that of the 
pure solvent, the vapour pressure curve will cut the ice curve at a. tempera- 
ture below the freezing point of the pure solvent. This means that 
the freezing point of a given solution will be lower than the freezing 
point of the pure solvent, and experiment shows that the lowering of the 
freezing point will be proportional to the weight of the substance dis- 
solved in a given weight of the solvent. This reminds us of Blagden’s 
law, i>. 192. The depression in the freezing point is proportional to 
the weight of the dissolved substance in a given weight of the 
solvent ; and inversely proportional to the molecular weight of the 
dissolved substance. 

Equal gram-molecules of different substances in the same solvent 
d?press the freezing point to the same extent — F. M. Raouit's law (1883-84). 
A solution of sugar (342 grams), methyl alcohol (32*03 grams), etc., in U)0 
grams of water depresses the freezing point 18*5°. This is the freezing 
constant for water. It is also called the molecular depression of the 
freezing point per 100 grams of solvent.” Each solvent has its own 
specific freezing constant : e.g. acetio acid, 38-88° ; benzene, 49° ; mer- 
cury, 425° ; naphthalene, 69°, etc. 

If w grams of a substance, molecular weight M, dissolved in 100 grams 
of solvent, lower the freezing point /°, we have the proportion tv : M 
=.= /; 18*5 for water ; or, for substances dissolved in -water, 

10 

Molecular weight == 18*5j. 

This enables the molecular weight of a substance to be computed from 
its effect on the freezing point of -^vater. The particular solvent to be 
selected is of course determined by the solubility of the substance under 
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investigation, /and the ;mimber 18*5‘ must be .replaced, by, another if , a 
different solvent be used. ' 

Examples. ~(1) W. Tammann (1889) found that a solution of 0*022 gram of 
sodium in 100 grams of mercury lowered the freezing point of mercury 0*39°. 
What is the molecular weight of sodium t Here, M ~ 425 x 0*022 -i- 0-39 = 
23*8. Hence the atomic and molecular weights are the same. 

(2) W. R. Orndorff and .h White (1893) found that a solution of 0*2735 gram 
of hydrogen peroxide in 19*86 grams of water lowered the freezing point of Avater 

What is the molecular weight of hydrogen peroxide ? Here w =100 X 
0*2735 19*86 = 1*3773 j / =0*746 ; hence, M = 34*2 This corresponds with 

the molecule HgO.,. An earlier determination by W. Tammann (1889) gave H^O^, 
but this was afterwards found to be due to the use of an impure sample, 

(3) J. Hertz (1890) found that 2*423 grams of sulphur in 100 grams of naph- 
thalene lowered the freezing point of naphthalene 0*641® : hence show that Ihe 
molecular weight of sulphur under these conditions corresponds with the formula : 
Scj. Answer; The molecular weight by experiment is 262, and by calculation 
for Sg, 256. ■ 

E. Beckmann’s process for the determination of freezing points.-— 
Ereezing-point determinations are usually made in Beckmann’s apparatus. 

The tube Fig. 100, with a side neck, B, is 
weighed, and about 15 c.c. of the solvent are 
added, and the tube is w^eighed again. The 
Beckmann’s thermometer, reading to the of 
a degree, and set so that the mercury is near the 
top of the scale when set for the freezing point of 
the solvent, has a reading lens. The thermometer 
T and a stirrer S are placed in the solvent, and 
the whole arrangement is placed in a glass tube xi 
which serves as an air jacket. This is surrounded 
by a vessel D of water or some liquid at a tempera- 
ture about 5° below the freezing point of the 
solvent. This vessel is fitted with a thermometer 
and stirrer 8^, The temperature recorded by 
the thermometer slowly falls until the solvent 
begins to freeze ; it usually falls from 0*2 ‘’ to 0*3® 
below the freezing point of the solvent, and then 
begins to rise to the freezing point proper. The 
thermometer should always be tapped before a 
reading is taken to make sure the mercury is not 
lagging behind. The highest point reached by the 
mercury in the thermometer is taken to be the 
freezing point of the solvent. Owing to under- 
cooling, it is sometimes difficult to start the 
freezing of the solution. In that case, a few' 
pieces of platinum foil, or a minute fragment of 
the frozen solvent, W'ill start the freezing. It is 
Fig. 100.— Beckmann’s sometimes necessary to introduce a correction for 
^dercooling as mdicated in text-books for the 
tions. laboratory, Hach deternimation should be re- 

peated two or three times and the successive 
observations should agree within 0*002*^ to 0*003°. When the freezing 
point of the solvent has been determined, add a sufficient amount of 
the substance under. investigation to give a depression of 0*3° to 0*5°. 
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After tile freezing point has been determined again, find the freezing 
point after adding a second and then a third portion of the substance 
.under investigation. , ■ 

The inoiecular weights of volatile substances relative to the weights 
of the hydrogen molecule have been determined from the vapour density 
determinations and Avogadro’s hypothesis. The osmotic pressure and 
related properties of solution enable the molecular weights of liquids and 
solids in solution to be determined. There is an extensive choice of solvents 
and it is possible to utilize such widely different solvents as stearic acid, 
mercury, ether, fused metals, etc. Molten salts containing water of 
ciystaliization have been used— sodium sulphate, I^agSO 4. lOHgO ; 
calcium chloride, CaCla.OHgO ; lithium nitrate, LiNOg ; sodium chromate, 
Na2CrO4.10H2O ; etc.— and the results are similar to those obtained 
with water as a solvent. 

The molecular weights of a great many substances in solution are in 
agreement with those furnished by the vapour density method, yet there 
are some irregularities. The molecular weights of substances in solutions 
are sometimes greater and sometimes less than what we should expect. 
The results are then said to be abnormal. Ravult first assumed that 
organic substances must form double molecules in solution while the 
values for inorganic salts are normal. He then tried if extreme dilution 
would break down the molecules assumed to be doubled, and found it 
did not. Hence some other hypothesis must be sought in explanation 
of the phenomena. 

§ 9. Anomalous or Abnormal Results for the Molecular Weights 
of Substances in Solution. 

When a fact appears to be opposed to a whole train of deductions, it invariably 
proves to be capable of bearing some other interpretation. — Sheblock: 
Holmes. 

We never profit more than by those unexpected results of experiments which 
contradict our analogies and theories. — L. B. Guyton de Mobveau. 

The meaning of “ abnormal ” in science. — We sometimes say that a 
phenomenon “ ought to take place,” but it does not. W'e have just used 
the word “ abnormal ” and “ anomalous.” These terms are not very 
happily chosen, and, as indicated on p. 102, they are sometimes used rather 
carelessly. The terms are not intended to imply that nature is erratic, 
arbitrary, and lawless. The words simply mean that in groping for the 
truth, an unexpected result has been obtained, which once stood, or now 
stands, challenging investigators to show how the unexpected should have 
been expected. In this sense it can be said that abnormal phenomena 
do not occur in nature. Some of the most treasured generalizations in 
science have been won by investigating the " abnormal.” This applies 
in the laboratory as well as in the study. “ I thank God,” said H. Bavy, 
that I was not made a dexterous manipulator, for the most important 
of my discoveries have been suggested to me by my failures.” 

Revision of the gas equation pv. === RT. — Let us return to the gas 
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Remembering that the density D of a gas is equal to the moleeiilar weight 
M divided by the volume v, or, M — Dv, we get 2 ^iTI) ~ p^jT^D^ when 
M == J#!.- : Let - if, ' D, ■ and respectively denote, the - molecular weight,, 
density and volume of the gas in one condition of temperature and pres- 
sure ; "and Ifj, Dj, and t’l, the same constants for another condition of 
temperature and pressure, we obtain, by substitution in the preceding 
equation: pr/if^T = If we take the volume at some 

standard temperature Ti and pressure the numbers pi, rq, and 
will always have one fixed value. . Let B denote this constant value of 
The gas equation then assumes the form : 

3 £ 

pv ^BT ; or, pv = nBT 

where n stands in place of the ratio of the molecular weights of tlie gas 
in the two conditions, Jf/Jf If the molecules of the gas neither dissociate 
nor polymerize when the conditions change, ilf = ifi, or pv:~~^ RT, 
because n == 1. But if the gas molecules polymerize or condense so that, 
say, two molecules combine together to form one molecule, there will be 
only half as many molecules in a given space as before ; if = IMi, and 
pv = If, however, the gas dissociates or decomposes so that each 

molecule of the gas forms two molecules of another gas or gases, then 
if == 21/ 1, and we have pv — 2BT, Hence the ordinary gas equation : 
pv = RT, is a special case of the more general relation : pv = nRT, 
where the numerical value of n indicates whether or not the gas keeps 
the same molecular concentration during the change. If n — 1, there 
is neither dissociation nor polymerization ; if n be less than unity, the 
gas polymerizes ; and if n be greater than unity, the gas dissociates 
when the conditions are changed. 

If the molecules of a dissolved substance are the same as the molecules 
would be if the substance were in the gaseous condition, the relation 
between the pressure, temperature, and concentration will be represented 
by the expression, = nRT ; or, since the concentration c is inversely 
as the volume, by : 

^ = nRT 

, c , ,, 

As before, if n be unity, the molecules of the substance in solution and in 
the gaseous condition are presumably similar ; if 7i be greater than unity, 
the molecules dissociate when they pass into solution ; and if n be less 
than unity, the molecules polymerize. If we apply the uncorrected re- 
lation, pjc == RT^ it is now easy to see that if n be greater than unity 
(dissociation), the osmotic pressure will appear too high ; and if n be less 
than unity (polymerization), the osmotic pressure w’ili appear too low. 
When we speak of the lowering of the osmotic pressure, we also imply 
that the vapour pressure is increased, the boiling point is lowered, and the 
freezing point raised ; and conversely, the raising of the osmotic pressure 
implies that the boiling point is raised, and the vapour pressure and 
freezing point are lowered. 

Abnormally low osmotic pressures — polymerization of solute. — The 
depression of the freezing point of a solution of alcohol in benzene is just 
about half what we should expect, if the molecules of alcohol were 
sentecl by the regular formula.; GgHgOH. This means that the molecules 
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of alcohol — C2H5OH— in benzene isolutions are doubled, and the molecule 
of alcohol is accordingly C4Hio(OH)2 in benzene solution. This pheno- 
menon is common with molecules possessing hydroxyl, i.e, OH groups. 
Eoriiiie—H.CO.OH~and acetic-— 'CH3. CO. OH — acids, and indeed water, 
behave in a similar manner, and we know that if these acids be vapoiized, 
they appear to have twice the molecular weight of what would obtain if 
their molecules could be really represented by the ordinary forniuhe. 
Otherv/ise expressed, the molecules are polymerized. It is also necessary to 
remeniber that if the dissolved substance freezes out along with the solvent 
so as to form a kind of solid solution, the freezing point of the solution 
will be lower than that calculated from the regular molecular formula of 
the dissolved substance. Sometimes, indeed, the freezing point actually 
rises. There are many examples — solutions of lead., cadmium, tin, and 
gold in mercury ; antimony in tin ; etc. 

Abnormally high osmotic pressures — ^dissociation of solute. — A very 
considerable number of aqueous solutions of acids, bases, and salts furnish 
a much greater osmotic pressure than we should naturally expect. The 
deviation of a gas from Avogadro’s law is usually explained by assuming 
that the molecules of the gas are dissociated into simpler forms. Iodine 
molecules, Ig, at high temperatures appear to behave as symbolized : 
l2>= I + I. S. An'henius ( 1887 ) sought to exi)ialn the deviations of the 
molecular weights of salts, acids, and bases in aqueous solutions by assum- 
ing that the molecules are dissociated into simpler parts. The molecules 
of sodium chloride, for instance, are supposed to be dissociated in aqueous 
solutions into two parts^ — Ha and Cl, The idea came as a surprise, and 
much opposition lias been raised against this interpretation of the results, 
because there are no signs of chemical action which might be expected if the 
molecule of sodium chloride were dissociated into Na and Cl on solution in 
water. Accordingly, other hypotheses have been invented to make the &st 
hypothesis fit the facts. In spite of this, Arrhenius’ hypothesis at once 
explains in a seductive and plausible manner the abnormally high osmotic 
pressures obtained for these substances. There is a strange coincidence. 
Arrhenius determined the value of n — ^the number of molecules in the above 
equations for ninety different substances. He noticed at once that these 
substances could be roughly divided into two classes : those which gave 
values of 71 nearly unity were either non-conductors or poor conductors 
of electricity ; whereas those wliich gave values of 71 materially greater 
than unity were fair or good conductors of electiieity. In the following 
table 71 may be taken to represent, within the limits of experimental error, 
the relative number of molecules formed when one molecule of the sub- 
staiice is dissolved. 


Table IX.— Nobmal anb Abnobmal Osmotic Pbesstiees. 


Non -eonductoi's. 


Oon due tors. 

Bubstances in solution. 

■■■■■ t?- i-: 

Substances in solution. 

n 

Metliyl alcoliol ..... 


Caleitim nitrate .... 

2*48 

Maiinite 


, Magnesium sulphate 

1*25 

Cane sugar . . . . . .i 


, Strontium chloride . ... . 

2*69 

Ethyl acetate ..... 


Potassimn chloride . . . 

1*81 

Acetamide . . . , . - . 

0*06 


t 1*92 
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We naturally /inquire : ' What connection, if any, ^subsists, between the,; 
alleged dissociation of the molecules of a substance in a solution and the 
conduction of electricity ? How can one molecule of sodium chloride, 
one molecule of lithium chloride, and of hydrogen chloride, each furnish 
what appears to be two molecules when dissolved in water ? 

Questions. 

1. An aqueous solution of LiCl, containing 8*5 grams in 1000 e.e., boils at 

101*97^ C. (760 mm.)- What is the percentage dissociation of tho LiCl ? ( Atomic 

weights: Li = 7, Cl == 35*5. Molecular raising of boiling point of water — 
6*2“ C .) — Worcester PolyiechnicInsLt U.S» A. 

2. 7*20 grams of a substance dissolved in 100 grams of water gave rise to an 
osmotic pressure of 9*65 atmospheres at 22°. Calculate the molecular weight of 
the substance,— 

3. A solution of 6*3 grams of a non-electrolyte in water, total volume 1000 c.c., 
freezes at ■— 0*279° C. What is the molecular weight of the substance in solution ? 
(Molecular lowering of the freezing point of %vater — 18*6,)— Polytechnic 
Imt., U.S.A. 

4. What is meant by the term ‘‘osmosis” ? Describe exactly what happens 
when a vessel with a semipermeable wall containing a solution of such a sub- 
stance as sugar is placed in pure water. What is (a) the effect of increasing the 
strength of the sugar solution ; and (6) the effect of raising the temperature 
of the whole apparatus ? — Univ. North Wales. 

5. What do you understand by the expressions “ additive,” “ constitutive,” ^ 
and ” colligative ” ? Illustrate your answer by examples. — St. A7idretos Utiiv. 

6. How have the freezing points of dilute solutions been exactly observed ? 
What is the bearing of these observations on chemical theory ? — New Zealmid 
Vnio. 

7. The freezing pomt of an aqueous solution is ■— 1*5° C. Find the relative 
lowering of tlie vapour pressure of the solution. (The molecular depression for 
water is 18*70.) — St. Aridrews Univ. 

8. Describe some experiment showing the phenomenon of “ osmotic pressure.” 
By what means has a relation been observed between the molecular weight of 
certain soluble substances and the osmotic pressure which they are supposed to 
exert ? If the lower part of a U -tube be filled -with a solution of sugar, and 
then pure water be gently poured into one limb so that the upper surface in one 
limb is pure water, and in the other limb is a solution of sxigar, is osmotic pressure 
exerted, and if not, why not ? — New Zeala^id Univ. 

9. What do you understand by the term '' osmotic pressure ” ? Describe 
in outline any two processes, one direct, the other indirect, for measuring osmotic 
pressure. Explain carefully hoAv the molecular weight of a substance in solution 
can be determined when the osmotic pressure wdiich it sots up is known , — Poard 
oj E due. 

1 0. What is osmotic pressure ? Has this any connection with tlie pressure of 
a gas ? Alcohol is said to be normal in regard to its vapour pressure and its 
osmotic pressure; ammonium chloride has an abnormal vapour presauro and 
osmotic pressure. Explain the meaning of the terms “normal” and ■* abnormal ” 
used here . — Sydney Univ. 

11. Explain how it is that vegetables will cook faster when boiled in a con- 
centrated solution of salt than when boiled in water alone. 

12. Describe the effects produced by soluble and insoluble substances on tho 
boiling and melting points of water. What explanation can be given of tho 
difference.? observed when common salt and sugar are respectively dissolved i*n 
sufiieient pure water to form dilute solutions of tlie .some molecular concentration ? 
To what other properties of solutions does this explanation apjily ? — Pan jah Univ. 

13. Explain the principle of Raoult’s method of determining molecular weights 
by observation of the freezing point. Give some account of its applications, and 
the chief results obtained. — London Univ. 


^ Constitutive PitoPEUTiiiiS -have not yet been discussed. In these tho 
preponderating factor is the ot grouping of the atoms within the molecule. 
Examples will be indicated, latbr^see Isomerism.” 




CHAPTEE XTII 


Chlorine and Hydrogen Chloride . 

§ 1. The Stassfurt Salt Beds. 

The agricultural world is almost wholly dependent upon a very limited region 
in North Germany for its supply of potash used as an essential ingredient 
in certain fertilizers. — W, C. Blasdale. 

The remarkable deposits of potassium, magnesium and sodium salts in 
the country around Stassfurt, in Prussian Saxony, may be very roughly 
divided into four strata, illustrated diagrammaticaily in Fig. 101. 


{ Surface soil . 

Clay shales , 

Rock salt . . . . 

Gypsum and anhydrite 
(4) Carnallite bed . 

(3) Kieserite bed 
(2) Poly halite bed . 

(1) Rock salt bed , 


Fig. 101. — Diagrammatic Geological Section of a Part of the Stassfurt Salt Bed, 

(1) Roch salt led, — Kn immense basal bed of rock salt, broken up at 
fairly regular intervals with 2 to 5 inch bands of anhydnte — CaSO^. 

(2) Polylialite led. — ^Above the basal salt is a layer of rock salt, some- 
times 200 feet thick, mixed with bands of magnesium chloride and 
jpoZ#t?i'e7e--~2CaS04.MgS04.K2S04.2H20. 

(3) Kieserite led. — ^Resting on the poly halite bed is a layer of rock salt, 
sometimes 100 feet thick, mixed with layers of kieserite — MgS04,H20 — 
and other sulphates, about 1 foot thickness. 

(4) Carnallite led. — Finally comes a reddish layer of rock salt asso- 
ciated with masses of hainite — K2SO4.MgSO4.MgCi2.6H2O ; carnallite — 
KCLMgCia.OHgO ; and a few other salts of magnesium and potassium, 
e,g, sylvine--~-li.Ol and leonite — ^MgS04.K2S04.4H20. 

These deposits are capped by layers of gypsum — CaS04.2H20 — and 
anhydrite — CaS04 ; rock salt; hunter clay shales ; and finally the surface 
soil. In addition to gypsum (CaS04.2H20), anhydrite {CaS04), and rock 
salt (NaCl), the principal salts found in the Stassfurt deposits are : 

Polyhalite , . , . ■■ . ■ :MgS04.K:2S04.2CaS04,2F2Q ' : 
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With several other salts of lesser hnportance : . asf/ralcanite 
Mg,SG4.4H^O).,..;. 5orarife.(2Mg3BgOi:5.MgCl2) ; , glmiherite 
leonite I etc. ' 

History.— In the thirteenth century, salt springs— called sool 

were well known in the region of Stassfurt, and a certain amount of salt 
— sodium chloride — ^was obtained from them, but the springs were 
abandoned when rock salt was discovered in other parts of Germany 
About 1840, borings were made in the hope of finding deposits which 
would give a good quality of salt, and about 1850, shafts were sunk, and 
rock salt mined. The material excavated with the rock salt was rejected 
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■ ' '' " ' '' ' ' '' ' as worthless,, and called Abraumsalze— ' 

German : Alraum, refuse ; Sate, s^ts. 
^$44^4444 {"II I 1 1"! I-TI -I-I-[+h -As a result of the investigations of Rose 
and Rammelsberg, the Abraumsalze 
were recognized to be a valuable source 
of potassium and magnesium. Processes 
were then devised for the extraction of 
the potassium and magnesium salts, with 
the result that the rock salt became of 
little value, and the Abraumsalze became 
of primary impoidance. A. Prank 
erected the first works for the extr action 
of potassium cliloride in 1861, and an 
important industry, controlled by the 
“ German Kali Syndicate,*’ has been 
established. The Stassfurt salt deposits 
have been the subject of elaborate in- 
vestigations by J. H. van’t Hofi and Ms 
pupils in the light of the phase rule of 
J.W. Gibbs. 

Crystallization of salts from mixed 
solutions. — The simple cases of the 
crystallization of a solution saturated 
with but one salt was discussed on p. S6 ; 
^0 so and of solutions of two salts which do 
Crsm Mofecufes of ^ 2 C /2 perZ/ltre. not react with one another, nor form 

ipia. I02.-Solubilities of Mag- .‘^soussed on p. 203. The 

nesiiim and Potassium Chlorides phenomenon is more complex when the 
in Mixed Solutions. salts present in the solution form a 

series of hydrates, or when the salts 
can react with one another to form double salts. A solution of 
potassium chloride and magnesium cMoride not only furnishes crystals 
of magnesium chloride, MgCi2.6H20, and of potassium* chloride, KCl ; but 
also crystals of the double salt, HClMgClg.eHaO— carnailite. Referring 
to Pig. 102, the line AB represents the effect of additions of potassium 
chloride on the amount of magnesium chloride required to form a 
saturated solution at 25*^* The solubilities are here exjiressed in terms 
of gram-molecules of MgClg, and of Kfil^ per 1000 The line BG 

^ * KgClg ’* is Wiitten in place of “ 2B;dl ” without any implication that the 
moleetile of potassium chloride is KgCla. This is done to keep equivalent molecules 
of magnesium and potassium ohlondes as units for ordinates and alisciss^w 
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represents the amount of camallite in a saturated solution as the 
amount of potassium chioride is increased; and the line CD represents 
the amount of potassium chloride in a saturated solution as the amount 
of magnesium chloride is.' increased. . ' 

, , : All solutions . represented . by points , on , the lines , A BOD are saturated 
with one of these salts. If therefore we start with a solution containing, 
say, 20 grani-inolecules of magnesium chloride, and 40 gram-molecules of 
KqCIq per litre, the composition of the solution will be represented by a 
point P on the diagram. Crystals of potassium chloride will be deposited 
until the composition of the solution is represented by a point Q' on the line 
CD, that is, potassium chloride will be deposited until the solution con- 
tains 20 gram-molecules of magnesium chloride, and 34 of litre. 

If the solution be concentrated by evaporation at 25^, potassium chloride 
will continue separating until the composition of the solution can be repre- 
sented by a point C, that is, until the solution contains about 5-|- gram- 
molecules of KgCia ; and 72*5 gram-molecules of MgClg per litre. If the 
mother liquid be stiM further concentrated at 25®, crystals of camallite and 
of potassium chioride wuli separate until the concentration of the solution 
is represented by a point D, corresponding with one gram-molecule of 
KaCig, and 105 gram-molecules of MgClg. Any further concentration of 
the mother liquid will lead to the separation of magnesium chloride and 
camallite in constant proportions until the solution is diy. 

If the temperature at which the crystals are removed be different, 
different results will be obtained, because of differences in the solu- 
bilities of the different salts at varying temperatures ; the formation of 
hydrates at temperatures above or below transition points, etc. The same 
principles obtain even with still more complicated examples, say a 
mixture of potassium chloride and magnesium sulphate, where we have 
the reaction, 2 KCi MgS 04 = MgClg + K 2 SO 4 . Tliis solution may lead 
to the separation of crystals of potassium chloride and sulphate ; mag* 
nesium chioride ; two hydrates (“ GKgO ” and “ 7 H 2 O ”) of magnesium sul- 
phate ; camallite, KCi.MgCi 2 . 6 H 2 O ; andschonite — ^K 2 S 04 .MgS 04 . 6 H 30 . 

Origin. — It is generally thought that the Stassfurt beds are of marine 
origin, and have been formed by the natural evaporation of water, during 
countless years, in an inland prehistoric sea, probably communicating with 
the ocean by a shallow bar. The sea must have been intermittently 
replenished by water bringing in more salts, as could occur when driven over 
the bar by high tides and gales ; there must also have been a number of 
geological elevations and depressions to account for the succession of 
strata. The order in which salts are deposited from the evaporation of 
sea- water is very nearly the same as the geological succession observed at 
Stassfurt. Neglecting the calcium sulphate, the evaporation of sea- water 
furnishes successively: ( 1 ) a deposit of sodium chloride; ( 2 ) sodium 
chloride mixed with magnesium sulphate ; (3) sodium chloride and leonite ; 
( 4 ) sodium chloride, leonite, and potassium chloride, or sodium chloride 
and kainite ; (5) sodium chioride, kieserite, and camallite ; (6) sodium 
chloride, kieserite, earnallite, magnesium chloride ; and (7) the solution 
dries without further change. 

Uses. — ^I'he Stassfurt salts furnish magnesium salts which are used for 
the preparation of magnesium and its salts. The potash salts are largely 
used as manures in agriculture ; : and the potassium chloride is used as a 
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basis lor tlie manufacture of tbe many different kinds of potassium salts 
used in commerce— carbonate, hydroxide, nitrate, chlorate, chromates, 
alums, feiTOcyanide, cyanide, iodide, bromide, etc. Clilorine and bromine 
are obtained from the mother liquids by electrolytic and other processes. 
Boric acid and borax are prepared from boracite. Ciosium and rubidium 
are recovered from crude carnaliite and syivine, 

§ 2. Sodium and Potassium Chlorides. 

Thou shalt offer salt with all thy meat offerings.—LEViTieirs. 

Salt is frequently mentioned in the Bible. The religious rites of tlie 
Jews and of many other nations testify to the high esteem and sanctity in 
wdiichthe ancients held salt. The modern Arabians are said to still prac- 
tise the covenant of salt, but only on occasions of the highest importance. 
The superstitious custom of throwing a little spilt salt over the shoulder 
to propitiate the fairies is a survival of the old superstition rvhen salt 
was included among the offerings to the gods. Sodium chloride, commonly 
called “ salt,” is considered to be an essential constituent of animal food. 
It is said that there are few things more distressing than “ salt hunger ” ; 
and in the dreaded “ salt torture ” of the Chinese, the prisoner is provided 
with ample food but insufficient salt. One writer estimates that about 
29 lbs. of salt per head of population per annum is used directly or indirectly 
with the food for man. The OT per cent, of hydrochloric acid present in 
the gastric and mucous fluids of the alimentary canal is derived from the 
decomposition of the salt taken in with the food. Plant-eating animals 
get much of the salt they require from grass and leaves ; herbivorous 
animals have been known to travel hundreds of miles to a “ salt-lick ” 
or “ salt spring ” in order to satisfy their craving for salt. Carnivorous 
animals get their salt from the blood of the animals on which they 
feed. 

The occurrence of salt. — ^Rock salt occurs in transparent or trans- 
lucent cubic crystals, either colourless or varying in tint from white, to 
dirty grey, to yellow, to reddish yellow ; and sometimes blue or purple. 
It is sometimes called halite. ■ Rock salt is found in Kantwicli, Northwich, 
Middiewich (Cheshire) ; Broitwich ^ (Worcestershire) ; Stassfurt (Prussian 
Saxony) ; Cardona, Castile (Spain) ; California, Utali, Kansas, New York, 
Virginia, Ohio, Michigan (United States) ; and numerous other places. 
The mines at Wielicza (Galicia, Austria) have been worked continuously 
for 600 years. The salt deposit is said to be 500 miles long, 20 miles 
broad, and 1200 feet thick. The galleries and chambers in this mitie 
extend over 30 miles in length and yield 55,000 tons per annum. The 
salt town in the mine includes a market-place, river, and church. A 
comparatively large amount of salt is dissolved in sea- water, and in 
the water of many salt springs, and salt weUs. The water of the 
Mediterranean Sea, for instance, contains 3*37 per cent, of solids in solu- 
tion. The composition of sea salt from different parts of the world 
approximates 

NaCl KCi MgOlg CaSO^ •; MgSO. (Mg, 0^)00. 

73-58 3-71 9-61 , 4-66 - 5-42 • 0-1 

^ The names of these localities itidioate the antiquity of the salt industry, since, 
in Saxon times, a place where salt ‘was dug was called a “ wich.’’’ 
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It has been estimated that the rivers of the world discharge about 160 
iniiiion tons of salt into the sea every year, and that the seas contain 144 
billion tons of salt in solution, “ enough indeed to cover the whole of the 
dry land to a depth of 400 ft,” Consequently, under present conditions, 
it must have taken at least 90 million years to accumulate the amount of 
salt now present in the seas. 

The separation of salt from sea-water.— Countries not supplied 
with rock salt must either import salt from more favoured countries, or 
resort to the concentration of sea- water, or the water of salt springs. 
Evaporation is not an expensive process in warm countries, or where coal 
is cheap ; for instance, in the salterns or salt gardens on the shores of the 
Mediterranean Sea the sea- water is concentrated by evaporation in large 
shMiow tanks — ‘‘ salterns exposed to wind and sun. As the solution— 

. “ brine ” — becomes concentrated, the crystals of salt — hay salt — which 
separate are lifted out by means of perforated shovels, and allowed to drain 
beside the evaporation tanks. The crystals are allowed to stand in heaps 
exposed to occasional showers, whereby much of the magnesium chloride 
is leached out. The product is sometimes called solar salt. The mother 
liquid — “ bittern ” — was once used for the manufacture of bromine. In 
cold countries, e.g. on the shores of the White Sea (Russia), the sea- water 
is concentrated by freezing (p. 192). Ice Jfixst separates ; and the residual 
brine is further concentrated by evaporation over a fire. 

The purification of rock salt. — Rock salt is often mined by bringing 
the solid salt to the surface in lumps. In some salt beds, the salt is mined 
by forcing water into the beds via a well made for the purpose. The brine 
is _ afterwards pumped to the surface, and the liquid concentrated in 
salterns ; or by allowing the solution to trickle from elevated tanks over 
ricks of brushwood — “graduators” — so arranged that the solution is 
fully exposed to the prevailing winds. The Hquid may be afterwards 
concentrated by evaporation in shallow pans heated art-ifioially, particularly 
if fuel is cheap. As the salt crystallizes out, it is removed by means of 
perforated shovels. If much calcium sulphate be present, it will separate 
^ first. It must therefore be removed before the salt. The potassium and 
magnesium salts separate last. Sometimes a little milli of lime is added to 
precipitate the calcium and magnesium salts. In multiple evaporators^ the 
brine is evaporated in closed vessels so that the steam from one vessel 
heats the brine in the adjacent one. The first one of the series is heated 
by a series of pipes through which steam passes, and the last of the series 


is connected with an exhaust pump whereby the brine is made to boil at 
a reduced temperature. This last is a vacuum pan. The salt from the 
vacuum pans is fine-grained ; for coarse-grained salt, open air evaporation 
is needed. If fine-grained “ table salt ” is needed, the brine is evaporated 
rapidly near its boiling point ; but for the manufacture of coarse-grained 
“ fine- salt ” the evaporation is conducted slowly at a comparatively low 
temx)erature (46°) so as to get the salt in comparatively large crystals. 
The salt obtained by the evaporation of sea-water will be contaminated 
with small quantities of other salts as, impurities : calcium chloride, 
magnesiii m chloride, calcium sulphate, and magnesium sulphate. Cheshire 
salt, for instance, contains about 9S*3 per cent, of sodium chloride; the 
remaining impurities are mainly insoluble niatter, calcium sulphate, and 
magnesium and calcium chlorides. The pr^ence of magnesium chloride 
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makes salt very hygroscopic, So that it becomes lumpy and iEoist ; some 
“ damp-proof ” salts are mis;ed with, say^ 3 per cent, of bone-ash to get 
over the difficulty to some extent. 

The extraction of potassium chloride from carnailite.— Potassium 
chloride occurs as sylvine — ^KCl — ^in the Stassfurt deposits, and associated 
with magnesium chloride in carnallite. Potassium chloride was formerly 
obtained from sea- water, but much of the potassium chloride of commerce 
is now made from carnallite— -KCl.MgCl2-6H20 — of the Stassfurt deposits. 
The crude carnallite contains about 61 per cent, of carnallite, 25 per cent, 
of kieserite, 12 per cent, of rock salt, and 2 per cent, of anhydrite and clay. 
This salt is crushed and digested in large tanks with the motlier liquid 
left from preceding operations. This liquid contains ciiiefiy magnesium 
chloride. The mixture is heated by blowing steam into the liquid. The 
potassium chloride readily dissolves in this liquid, while most of the sodium 
chloride and magnesium sulphate, associated with the crude carnallite, 
remain as an insoluble residue. The liquid is allow^ed to settle for an 
hour, and then decanted into large iron vats, where crystals containing 
64 to 69 per cent, of potassium chloride are deposited. The impurities 
are mainly sodium chloride (20-22 i3er cent.), magnesium chloride (7'5- 
8%5 per cent.), and 0*4 per cent, of magnesium bromide and calcium 
sulphate. The principle underlying the process wdil appear from the 
study of Fig. 102. The crystals of potassium chloride so obtained are 
w’ashed in cold water so as to remove the more soluble sodium cliloride. 
This process yields a product containing 84 to 98 i3er cent, of potassium 
chloride, according to the number of washings. The further purification 
of the salt involves a re-solution and re- crystallization. The mother 
liquors are washed up for more salts, and finally used for the extraction 
of a fresh lot of crude carnallite. 

The purification of sodium and potassium chlorides — Sodium as 
well as potassium chloride can be purified by adding concentrated hydro- 
chloric acid to a cold concentrated aqueous solution of the respective 
salts ; better results are obtained by passing gaseous hydrogen chloride 
through the salt solutions. The impurities remain in solution while the 
chlorides are pi*ecipitated in a very fair state of purity. 

Properties. — Both chlorides crystallize in cubes, and the two salts 
are isomorphous. The crystals are anhydrous, A little water may bo 
mechanically entangled with the crystals, which causes the salts to decrepi- 
tate when heated, Sodium chloride melts at 801 and potassium elilorido 
is said to melt between 759^^ and 766'^. Both salts Asublime at higher 
temperatures without decomposition. Sodium chloride boils at about 
1750^ If sodiimi chloride is heated in a tube filled inside with a porous 
cel] containing air, the inside of the ceil soon fills with chlorine gas, while 
the tube containing the sodium chloride vapour contains very little free 
chlorine. The reaction between the clay and the sodium chloride vapour 
decomposes the latter, liberating cMorine gas. The vsolubilities of the tw'O 
salts in water w^ere discussed on pp. 189 and 204. A comparison of the 
related chlorides of htiiiiim, sodium, potassium, rubidium, and cjesiiim, 
shows that they all crystallize; in cubes when anhydrous-— Fig. 66, Mi 
Their solubilities, expressed in grams per 100 c.o. of water at 15 '% are : 

Lithium. Sodium. ' Potassium.. . Biibidluni. Csesium. 

SC) 36 ' ''33‘‘4' ’ 80 very high 
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and the solubilities in alcohol follow the same rule, sodium and potassium 
..chlorides being almost inso.!uble in alcohol. . - 

Composition.-— The composition of both salts has been established in 
the same manner. By analysis, J. S. Stas found sodium chloride contained 
39*39 per cent, of sodium, and 60*61 per cent, of chlorine. Hence, after 
division by the respective .atomic weights of these elements, we get -the 
atomic ratio Na^ l.Cl;— 1 : 1 ■ corresponding with the. formula (NaCi)M. 
The difficult volatility of sodium chloride— contrasted with, say, mercuric 
chloride — suggests a complex molecule for the solid, but the X-radiograms 
of the crystals do not support this contention. W. Nernst (1903) found the 
vapour densities of both sodium and potassium chlorides at 2000^ 
corresponded respectively with the formulae NaCl and KCl. 

Uses of sodium chloride.' — Sait is used for seasoning food — table 
salt. Sait for table use should be free from magnesium and calcium 
chlorides, for these substances make salt very deliquescent — ^particularly 
ill moist weather. Sait is also used for preserving meat, hsh, etc. ; in the 
manufacture of sodium salts, soaps, etc. ; in glazing common pottery — 
drain pipes, some sanitary goods, etc. — “ salt glaze ” ; and also in the 
manufacture of chlorine compounds, directly or indirectly. The alkali 
industries start with salt as the raw material 


§ 3. Hydrogen Chloride — Preparation and Properties. 

Molecular weight, HCl = 36*47; melting point, — 112*5®; boiling point, 
between — 83® and — 84® ; critical temperature, 52*3®. Vapour density 
{H 2 ~ 2), 36*49; {air = 1) 1*269, One litre weighs 1*641 grams under normal 
conditions. Specific gravity of liquid, 0*908 at 0®. 


Preparation. — ^When sodium or potassium chloride is treated with 
warm dilute sulphuric acid (1 : 1) in a flask (Fig. 103), a gas is given off. 
The gas is very soluble in water and it 
cannot be collected over water, but it 
can be collected over mercury. In 
general laboratory work, it is often 
convenient to colieot relatively heavy’- 
gases by the upward displacement of 
air. The gas was once called the 
“ spirit of salt,” but is now called 
“ hydrogen chloride ” and symbolized 
“ HCL” The reaction, at 18° with 
equimolar proportions of salt and acid 
of sp. gr. 1*84, is represented : H2S04“}- 
NaCi ™ NaliSO^ + HCl ; at 120° a 
further amount of hvcirogen chloride is 
given off: NaHS0jH2S04 + NaOi = 

2NaHS04-f HCL No heat change occurs 
when the salt and acid are mixed at 18° ; 
with potassium chloride the temperature rises to 30°, and with ammo;nii!im 
chloride it falls to about 1°. The gas can be dried by passage through 
wash-bottles containing concentrated sulphuric acid. If the concen- 
trated acid be employed with an excess of. sodium chloride, at a rather 
more elevated temperature, the . reaction is represented by: H2SO4 
2NaCl » Na5jS04 -f 2HCL The same^gasds bften made in the^labora* 



Fig. 103. — Preparation of 
Hydrogen Chloride. 
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tory at ordinary temperatures by mixing concentrated liydrocMoric acid 
with an excess of sodium or ammonium chloride and dropping con- 
centrated sulphuric acid from a tap funnel into the mixtures as indicated 
■"in Fig; 53. ■ '■■ 

Properties.— -Hydrogen chloride is a colourless gas which irritates the 
mucous membrane when inlialed. It forms dense fumes in moist air. 
The gas is incombustible, and a non-supporter of combustion. Hydrogen 
chloride is extremely soluble in water : 1 c.c. of water at 0® dissolves 
525 c.e. of the gas ; and at 20°, 440 c.c. The heat of solution is HCl + 
ikq = HClaq-l- 17*4 Cals. The aqueous solution is strongly acid, and is 
called hydrochloric acid,” “ spirits of salt,” or “ muriatic acid ”—from 
the Latin, mwtm brine. Hydrogen chloride partially dissociates into free 
chlorine and hydrogen at about 1500® : 2HC1 ^ H2 + 01^. Hydrogen 
chloride is easily condensed to a colourless liquid by pressure. At 10° 
a pressure of 40 atmospheres will liquefy the gas, and at — 16°, 20 atmo- 
spheres suffice. The liquid boils at -— 83*7° under ordinary atmospheric 
pressui'cs. The liquid freezes to a white crystalline mass melting at 
•— 112*5°. The hqiiid does not act on many metals which are vigorously 
attacked by the aqueous solution of hydi-ogen chloride. Neither the dry 
liquid nor the dry gas acts on blue Htmus. The gas is fairly stable at 
high temperatures, being dissociated only to the extent of 0*274 per cent, 
at 1537°. 

The freezing temperatures of aqueous solutions of hydrogen 
chloride. — ^The freezing temperatures of aqueous solutions of hydrogen 

chloride of different concentrations have 
been determined for solutions containing 
less than 67 per cent, of hydrogen chloride, 
as shown in Fig. 104— F. F. Rupert (1909). 
Starting with pure water, the addition of 
hydrogen chloride steadily depi:esses the 
freezing point to the etiteetic tempera- 
ture— -85°, A E, when the solution contains 
25 per cent, of HCl. Further additions of 
hydrogen chloride raise the freezing tem- 
perature, BG , : up ' to — '24;*4°, ■ when, the' ' . 
mixture contains 40*3 per cent, of HGl, 
and thus corresponds with the trihydrate 
- .. ^ , , , , — HC1.3H 2O.. ' .. ■■Continued '.^■■' ■, ■additions.,, : '■ '"'of' , 
Chloride and Water. ^ hydrogen chloride depress the freezing 

point curve, OB, to a second eutectic —28°, 
and then raise it, BB, to a second maximum, — 17*7°, corresponding with 
50*31 per cent, of HCl, that is, with the dihydrate— HCL2H2O. The 
freezing-point curve again descends, BF, to a third eutectic, — 23*5°, with 
increasing concentration, and rises, FO, to a third maximum, — 15*35°, 
when the solution contains 6^*9 per cent, of HCl, corresponding with the 
monohydrate — HClHgO. With more concentrated solutions, the liquid 
separates into two layers on cooling. The first eutectic is concerned with 
the system HgO : HCI.3H2O ; the second eutectic wdth the two hydrates 
HCLSHoO : HCL2H2O ; and the: third eutectic with the system HGL2H2O : 
HCLHgO. Each of these three systems behaves like ice and brine indicated 
in Fig. 58. The three maxima thus correspond with the thi’ee hydrates 
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HCLSHgO ; HCL2H2O ; HOLHgO. All three hydrates have been isolated 
in the form of white crystalline solids. The existence of an octohydrate— » 
HCI.8H3O has been inferred from the heat of solution of hydrogen chloride 
in water ; but it is quite an imaginary hydrate, for it has not been isolated. 
If it does exist, its presence is not indicated on the freezing-point curve, 
Eig. 104. The maxima in a freezing-point curve thus represent com- 
pounds, and the minima, eutectic mixtures. The freezing* or melting 
point curve of a mixture of two (or more) substances is often sensitive 
enough to demonstrate the existence of the more stable compounds, 
but it is too rough and inaccurate for the less stable compounds. 
Nevertheless, this method of investigating stable hydrates has been applied 
to ammonia, ferric chloride hydrates, perchloric acid, sulphuric acid, nitric 
acid, etc., and it has important applications in metallurgy. 

The effect of hydrogen chloride on the vapour pressure of water. — 
The effect of hydrogen chloride on the boiling point of water is illustrated 
by the curve, Fig. 105. . 

H. E. Roscoe and W. 

Dittmar found that if 
an aqueous solution of 
hydrogen chloride con- 
taining more than 20*24 , 

per cent. HCl be heated, 
hydrogen chloride with 
but little water is given 
off; the solution be- 
comes less concentrated ; 
the vapour pressure of 
the solution diminishes ; 
and consequently, the 
boiling point rises as 
indicated by the curve. 

This continues until the 
solution contains nearly q 

20 24 per cent, of HOi, — Boiling Points of Aqueous Solutions 

when its boiling point of Hydrogen Chloride, 

attains the maximum, 

110° ; any further boiling does not affect the concentration of the aqueous 
solution because dilute acid containing 20*24 per cent, of HCl distils 
unchanged. Again, if an acid containing less than 20*24 per cent, of 
HCl be boiled, water accompanied by a little hydrogen chloride passes 
off ; the boiling point of the solution gradually rises ; and the solution 
at the same time becomes more concentrated until it contains 20*24 per 
cent. HCl, when the acid distils over unchanged at 110°. Hence 110° is 
the maximum boiling point of hydrochloric acid at atmospheric pressures. 
Similar phenomena occur with nitric acid and with several other acids. It 
was once thought that the acid which corresponded with the maximum 
boiling point was an octohydrate— that is, a chemical compound of 
hydrogen chloride and water— HGlSHgO ; but since the composition of 
the constant boiling acid varies with the pressure, 1 and since compounds 

3- Por instance, at 100 mm. pressure, the maximum boiling point is nearly 
62"", and the constant boiling acid contains 22‘ 8 per cent. HCl. 
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do not usually vary in composition with changes of pressure, this hypothesis 
has been abandoned. Still, under constant conclitlons, the composition 
of the constant boiling acid is alwayS'the same,'and this .fact . has suggested: 
a means of preparing acids of definite concentration for volumetric anatysis. 
With solutions of oxygen, ammonia, hydrogen, and nitrogen in water, the 
more volatile constituent leaves the solution before all the boiling water 
has evaporated. 

Fuming liquids.—Since concentrated aqueous solutions of hydrogen 
chloride have a vapour pressure greater than water, -we can see a reason 
for the fuming of hydrochloric acid in air. We know, of course, that hot 
water fumes ” in air because the cooler air in the vicinity of the hot 
water is quickly saturated with water vapour. Water at ordinary tem- 
peratures does not fume because it cannot give off more vapour than the 
air at the same temperature can retain. Concentrated hydrochloric acid 
fumes because the vapours which are given off unite with the aqueous 
vapour in the atmosiDhere to form an acid in which the partial pressure 
of the wmter vapour is less than that of pure water at the same temperature. 
Consequently, the air in the vicinity of the concentx’ated acid is very 
quickly saturated with respect to the vapour of the new acid wdiich is 
formed. The new acid, in consequence, condenses to minute globules 
of liquid which appear as mist. Dilute acids do not fume because any 
vapours which they give off do not form a liquid with a smaller partial 
pressure of water vapour than water itself. Hence, only those substances 
fume which give off vapours which unite with water to form a mixture or 
a compound with a smaller vapour pressure than water. 

The formation of chlorides, — ^The aqueous solution of Iiydrogan 
chloride dissolves many metals, forming chlorides and liberating hydrogen, 
s.g. Zn -f 2HCi = ZnClg -h Zinc, magnesium, iron, aluminium, and 
tin are readily dissolved by cold dilute acid — the action with aluminium 
and tin is, however, rather slow in the cold, but much quicker in hot con- 
centrated acid. Mercury, silver, gold, and platinum are not dissolved by 
the hot or cold acid ; copper and lead are not dissolved by the cold dilute 
acid unless exposed to the air, ^dlen the action is very slow% these metals 
are only slowly attacked by the hot concentrated acid. Hydrochloric 
acid reacts with oxides, hydroxides, and carbonates producing the corre- 
sponding chlorides. Most of the chlorides are easiiy dissolved by water. 
In qualitative analysis, it is usual to divide the metals into two groups : 
those with soluble and those with insoluble chlorides. The ‘‘ insoluble ’’ 
chlorides are: silver, mercurous, cuprous, aurous, thalious, and lead 
chlorides. Lead chloride is, however, appreciably soluble in cold water, 
and much more soluble in hot water. It therefore occupies a position 
midway between the soluble and ‘‘ insoluble ” chlorides. The chloride 
is often more readily volatile than many of the other compounds of a 
given metal. 

Manufacture of hydrochloric acid. — Hydrochloric acid is obtained as 
a by-product in the manufacture of sodium carbonate from sodium 
chloride. In the first stage of the process, sodium chloride is treated with 
sulphuric acid, and the gas which is evolved is passed up stone towers filled 
vdth lumps of coke down which a stream of water trickles. The water 
absorbs the gas and is collected in suitable receivers at the base of the tower. 
Commercial hydrochloric acid may bo contaminated with ferric chloride, 
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free cHoiine, stilpliiiroiis and snlpliurie acids, arsenic chloride, etc. The 
first -named impurity gives commercial hydrochloric acid its yellow 
colour/. 

Uses,— Hydrochloric ac is used in the manufacture of clilorine, in 

dyeing, calico printing, the manufacture of colours, phosphates, and as a 
general laboratory reagent. A carboy of the acid (sp. gr. 1*16) holds 
about 112 lbs.— the commercial acid sells at about 8^. per cwt., and the 
‘tpure acid ’’ at about 2'P. per lb., pre-war prices. Crude eommerciai 
hydrochloric acid has about 30 per cent, of HCl by weight ; and the 
commercially pure ” acid has a sp. gr, of about T2, and contains about 
^2.5-35 per cent, of HCL . : 

History.— fJudging from the writings attributed to Geber, hydrochloric 
acid was known to the earty Arabian chemists ; but the preparation of the 
pure acid— seems to have been hrst described by Basil 
Valentine (1644). The acid appears to have been made by distilling a 
mixture of common salt and green vitriol (ferrous sulphate). J. R. Glauber 
(1648) described the preparation of the acid by the action of sulphuric acid 
on rook salt. Stephen Hales ( 1727) noticed that a gas very soluble in water 
was made by heating sulphuric acid with sal ammoniac (ammonium 
chloride), and J. Priestky, about 1772, collected the gas over mercury. 
Priestley called the gas marim-acid air in reference to its mode of formation 
from sea-salt. 

§ 4. The Action of Oxidizing Agents on Hydrogen Chloride, 

The action of oxidizing agents on hydrogen chloride or hydrochloric acid 
is very interesting. For instance, K. W. Scheele (1774) found that when 
hydrochloric acid is heated with manganese dioxide, a yellowish-green gas, 
soluble in rrater, is given off. Scheele considered the yellowish-green gas 
to be muriatic acid freed from hydrogen (phlogiston), that is, in the 
language of his time, “ dephlogisticated muriatic acid.” A. L. Lavoisier 
(1789) named the gas oxymuriatic acid, or oxygenated muriatic acid, 
because he considered is to be an oxide of muriatic (Le. hydrochloric) acid ; 
and, consistent 'with his oxygen theory of acids, p. 167, Lavoisier con- 
sidered muriatic acid to be a compound of oxygen wnth an hypothetical 
muriatic base — murium — this was later symbolized Mu, while hydrochloric 
acid ^vas symbolized MuOg, and Scheele’s acid MuOs. Hence, added 
Lavoisier, muriatic and oxymuriatic acids are related to each other like 
sulphurous and sulphuric acids. This certainly seemed to be a most 
plausible explanation of the reactions. Lavoisier’s hypothesis was sup- 
ported by an observation of C. L. Berthollet (1785), who noticed that an 
aqueous solution of Sclieele’s gas, the so-called oxymuriatic acid, when 
exposed to sunlight, gives off bubbles of oxygen gas, and forms muriatic 
acid.,, „ , . 

J. L. Gay-Lussac and J. Th4nard (1809) tried to deoxidize oxymuriatic 
acid, so as to isolate the hypothetical, muriatic base ” of Lavoisier, by 
X^assing the dry gas over red hot carbon,, but when the carbon was freed 
from hycli’ogen, the attempt to separate from oxymuriatic acid anything 
but itself was a failure. While favouring Lavoisier’s hypothesis, Gay- 
Lussac and Tlienard added : the facts can also be explained on the h 3 q)o- 
thesis that oxymuriatic acid is an elemehtoy body.” Here, then, are tw^o 
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rival liypotlieses as to the nature of 025:ymuriatic acid—- the yellowisli-green 
gas discovered by Scheele ! 

' . In 1810; H. Davy tried, without: success, to decompose oxymuriatie 
acid. He found that when hydrogen chloride is heated with metallic 
sodium or potassium, the metallic chloride, and hydroge:ii are formed, but [ 

neither 'water nor, oxygen' is' obtained. Davy claimed that v Scheele’ s 
view is an expression of the facts, while Lavoisier’s theory, though ‘‘ beauti- 
ful and satisfactory,” is based upon a dubious hypothesis. The definition i ' 

of an element (p. 25) will not permit us to assume that oxymuriatie 
acid is a compound, because, in spite of repeated efforts, nothing simpler 
than itself has ever been obtained from the gas. In order to avoid the 
hypothesis implied in the term oxymuriatie acid,” H. Davy proposed 
the alternative term “ clilorine” and symbol “ Cl ” — ^from the Greek 
xAcophs (chloros), green. The term “ chlorine ” is thus “ founded upon 
one of the obvious and characteristic properties of the gas—its colour.” 

J. J. Berzelius, in 1811, thought Lavoisier was right, but in 1821 he gave up ^ 

this view. Lavoisier’s hypothesis died a lingering death, and Davy’s view 
is now generally adopted. According to Davy’s theory, Berthollet’s 
observation is explained by the equation: 2H2O -f 201.2 = 4HCI + Og ; 
that is, the oxygen comes from the water, not from the chlorine. Similarly , 
the formation of chlorine by the action of oxidizing agents upon hydro- 
cliioric acid is due to the removal of hydi’Ogen from hvdrogen chloride. In 
symbols : 4HC1 + 03 = 2H2O d- 2CI2. ; 


[; § 5. Chlorine — Preparation. 

j ■ Atomic weight, Cl = 35*46 ; molecular weight, CU ~ 70*92. Generally uni- 

li valent, occasionally quinque- and septivalent. Melting point, — 102° ; boiling f 

: point — 33*8°: critical temperature, -b 146°. Relative vapour density (Hg = 2j 

I 71*63; (air = 1) 2*49. One litre weighs 3*22 grams under normal conditions. 

I Specific gravity of liquid at 0", 1 * 47 . 

Chlorine gas is usually obtained, as indicated above, by the action of 
oxidizing agents — manganese dioxide, lead dioxide, barium dioxide, |!» 

potassium dichromate, potassium permanganate, etc. — upon hydrochloric 
acid. Scheele, the discoverer of chlorine, used a mixture of manganese ; 

dioxide and hydrochloric acid ; a mixture of sodium chloride, sulphuric .7 

acid, and manganese dioxide may also be used. The mixture is heated 
in the apparatus illustrated in Eig. 103. The action in both cases depends 
upon the formation of manganese trichloride, and the simultaneous 
oxidation of the hydrogen of hydrogen chloride : 2Mn02 8HC1 4H2O 
2MnCl3 ”1~ Clg. When the mixture is -warmed, the manganese trichloride 
is decomposed : 2MnGi3 2MnCi2 + Clg. When this process is used on 
a manufacturing scale, the manganese chloride — ^IMnClg — is treated by 
W. Weldon’s recovery process (1867), which is a modification of an earlier 
process by C. Dunlop (1855). Air is blown through the hot residual 
liquid which has been previously treated with an excess of “ milk of lime.” 

In this way a considerable amount of calcium manganite — CaO.MnOg — 
is formed. Heat is liberated, and the action once started takes place 
without the application of any^MaL .According to F. Fischer, some 
manganous hydroxide, Mn(OH)2, , and manganese oxy dihydroxide, 
MnO(OH)2» are formed. The precipitate is called “Weldon’s mud” or, - > 


'i; 
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'' manganese mud.” The presence of a base is necessary for the oxidation 
of the oxide of iiianganese by air. The mixture is allowed to settle, and 
the clear liquid run off. The “ mud ” is gradually run into the chlorine 
still containing hydrochloric acid so that the ‘‘ manganese ” is used over 
and over , again. 

Potassium permanganate is a very convenient oxidizing agent for pre- 
paring chlorine. A flask containing some crystals of potassium perman- 
ganate is fitted as indicated in Eig. 50, and connected with a wash-bottle 
containing concentrated sulphuric acid. Dilute hydrochloric acid is 
run, drop by drop, from a tap funnel, when chlorine is evolved by the 
reaction: 2IOdn04,+ lOHCi-^SHaO + 2KCi + 2MnCl2 + 5CI2. Chlorine 
is also made by the action of an excess of hydrochloric acid upon an alkaline 
hypochlorite or bleaching powder. The bleaching powder may be pur- 
chased compressed into cubes, with or without plaster of Paris, and used 
in Kipp’s apparatus, Pig. 13, with hydrochloric acid (L. Winkler, 1887). 
The gas attacks mercury, and it is not, therefore, collected in the mercury 
trough; it is also fairly soluble in water and the solution is rather 
irritating. For general laboratory work the gas can b© collected over 
hot water saturated with salt, or better, by the upward displacement of 
air in the stink closet. 

Gold and platinum chlorides give off chlorine when heated, but these 
compounds are too expensive for the prepamtion of chlorine, except for 
very special work, such as V. Mej^-er’s work on the vapour density of 
chlorine, where platinous chloride was used as the source of chlorine. 
Gupric chloride— CuCl 2— also gives off chlorine when heated : 2CuCl2 
= 2CuGl ~1- CI2, and this method is sometimes used for the preparation of 
pure chlorine. In W. Weldon and A. R. Pechiney’s process (1885) for 
chlorine, magnesium chloride is heated in a current of air. Magnesium 
oxide and free chlorine are produced : 2MgGl2 -j- O2 == 2MgO -h 2CI2 — M 
Gals. The oxide of magnesium is then treated with hydrogen chloride to 
regenerate magnesium chloride : MgO -f- 2HC1 = HgO MgClg. The 
chloride so formed is again heated in a current of air, so that the process 
of manufacture, of chlorine is continuous. 

Deacon’s process for chlorine. — The oxidation of hydrogen in hydro- 
gen chloride can be effected by atmospheric oxygen, by passing the mixed 
gases through a tube at a high temperature. The action takes 
below. 400° in the presence of pumice-stone saturated with cuprous chloride 
- — CuCl. The result of the reaction is represented by the equation; 
4HC1 01 + CuCl] = 2H2O + 2Cla[+ CJuCl]. The cuprous cMoride 
reuiaining at the end of the reaction has the same composition as at the 
beginning. It is supposed that the first action results in the forma- 
tion of a copper oxychloride : 4CuCi O2 = 2CU2OCI2 ; followed by : 
GusOCla -j- 2IiCl 2CUCI2 -f HgO ; and finally by: 2CaCl2 = 2CuCl 
+ Gig, The chlorine is necessarily contaminated with undecomposed 
hydrogen chloride, atmospheric nitrogen, atmospheric, oxygen, and steam. 
The steam and hydrogen chloride can be removed by washing, etc. The 
chlorine so prepared is used in the manufacture of bleaching powder, 
where the presence of the impurities does no particular harm. This 
is the principle of H. W. Deacon’s process (1868). The reaction can 
be illustrated by the apparatus shown in Fig. , 106. Air is forced from 
a gas holder through a hot solution , of concentrated hydrochloric acid. 

' , . ,K 2 
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The mixture of air and hydrogen chloride so obtained is passed through 
a wash-bottie containing" water, - and ' then through , a hot porceiain, tube 
containing pumice-stone impregnated with a solution of cupric cliloride 
and driedi The chlorine gas obtained at the exit can be collected in the 
usual manner, , It is of course mixed with the exce>ss,of air, riitrogen, etc. 
The reaction never runs completely to an end, but approaches a state of 
equilibrium which fixes a definite limit to the yield of chlorine which 
can be obtained at any particular temperature and concentration of the 
reacting gases. In. the reaction : 4HCi -j- O 2 — ■-j•“.2IiaO + 26 Gals., 

both cliloriiie and oxygen are competing for the hydrogen ; at 577® both 
appear ecpially strong, for the hydrogen is distributed equally between the 
chlorine and oxygen. At higher temperatures the chlorine is stronger than 
oxygen, because less free chlorine is obtained than at lower temperatures, 
when the affinity of oxygen for the hydrogen is the stronger. In conse- 



quence, a greater yield of free chlorine is obtained at temi 3 eratures low^'er 
than 577®. The temperature, however, cannot be reduced indefinitely 
because the reaction would then become inconveniently slow, even in the 
presence of the catal}d;ic agent — cuprous chloride. The catalytic agciit 
begins to volatilize at temperatures even below 480®, 

Electrolytic processes for chlorine and alkaline hydroxides.— If 
an aqueous solution of potassium chloride or sodium chloride be electro- 
lyzed, chlorine (anion) appears at the anode, and the metal (cation) at thci 
cathode. In the case of sodium chloride, we have HaCl ™ Xa + 01. 
The metal then reacts with the water, liberating hydrogen and forming 
sodium hydroxide. The net result of the electrolysis is : 2iSfaGi + 2Hj>0 
= CI 3 “h ilg + 2 NaOH, so that hydrogen gas appears at the cathode and 
cliiorine at the anode. ' The two electrodes must foe separated to x>revent 
the sodium hydi’oxide formed at the cathode mixing with the chlorine 
discharged at the anode. . The separation is effected : — 

(1) Diaphragm ■' ' a -porous diapljragm— Portland 
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cement, earthenware, ' asbestos, ■ limestone, . etc. This : permits electrolytic 
conduction, and prevents the solutions mixing.bnt very' slowly — Mattlies 
and Weber, 1886. ' 

: (2) Bell pfocess.—By enclosing the anode in an inverted non- coiicliic ting 
bell with the cathode outside — W. Bein,,1893.; 

„(3) Mercury cathode process, — ^The sodium, is dissolved by the mercury 
•to .form an amalgam. The amalgam is. removed from the cell and treated 
with water, i?h6n sodium hydroxide and- mercury are obtained. The 
mercury is retu.med to the cell to b© used over and over again — E. Solvay’s 
.process, 1898. , , ' , , 

(4:) Mercury dmphragm process, — By the use of a mercury diaphragm 
as in H. Y. Castner’s process, 189.8, illustrated in Fig. 107. Castner’s cell 
has three compartments. The two outer compartments are fitted with 
graphite anodes ( H~) ; and the middle compartment is fitted with an iron 
grid { — ) to serve as cathode. The non-porous partitions do not reach, 
quite to the bottom of the cell but dip into a layer of mercury covering 
the bottom. x4 solution of alkali chlo'ride Sows through the two outer 
cells, and water through the 
inner compartment. The brine 
in the outer compartment is 
decomposed by the electric 
current into chlorine at the 
anode and so<iium at the 
cathode. The latter dissolves 
in the mercury, at the cathode, 
and the chlorine at the anodes 
escapes md the exit pipes. The 
sodium amalgam diffuses into 
the inner chamber, and there, 
coming into contact with the 
w^ater, is immediately de- 
composed into sodium hydi’o- 
xide and mercury. The hydrogen escapes through the loosely fitting 
cover. The sodium hydroxide is run into a special tank as required. A 
slow rocking motion is imparted to the cell during the electrolysis, by an 
eccentric wheel, so as to make the mercury flow from one compartment 
to the other along the bottom of the cell. 

(5) Fused electrolyte, — In Acker process (1898), now abandoned, 
molten lead w^as used as anode for collecting the sodium. The alloy of 
lead and sodium was decomposed by steam to form hydrogen and sodium 
hydroxide. Fused aHvaline chlorides also furnish chlorine when electro- 
lyzed.- Pure chlorine, for special experiments, has been made by the 
electrolysis of pure fused silver chloride with carbon electrodes. For the 
electrolysis of hydrochloric acid, see p. 283. 

§ 6.' Chlorine— Properties. 

Chlorine is a yellowish-green gas with an irritating smell. It attacks 
the membrane of the throat, lungs, and "nose;, If a little be breathed for 
some time, it causes an irritating cough, attended by the spitting of bloody 
mucous. Larger quantities of chlopne . are fatal. Chlorine is about 



Fio, 107. — Castner’s Mercury Diaphragm 
Process. 
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2|- times as heavy as air, and being slightly soluble in cold water, it can be 
collected by the upward displacement of air, over hot water or over a 
concentrated solution of salt in which it is not so very soluble. 

The action of chlorine on water, — 100 volumes of water at 0*^ dissolve 


461 volumes of the gas, and at 20°, 226 volumes. The solution in water- 
chlorine water — is yellowish-green in colour, and it has the taste and smell 
of chlorine itself. Chlorine water is conveniently made by passing the 



Fic, 108. — Preparation of Chlorine 
Water. 


gas into an inverted .retort, placed as 
illustrated in Mg. 108. , When the 
water is cooled by surrounding it 
with melting ice, yellow rhombic octa- 
hedral crystals of chlorine octohydrate 
—Cla-SHgO— -separate. ^ The hydrate 
decomposes- slowly , at temperatures 
just over 0°, and rapidly at higher 
temperatures. Thus the vapour 
pressure of the hydrate at 0° is 


250 mm. ; at 5°, 481 mm. ; and at 10°, 832 mm. If the hydrate be sealed 


in a tube, it will melt at ordinary temperatures, forming two liquids — an 


upper aqueous layer, and a lower layer containing most of the chlorine. 

The liquefaction of chlorine. — On March 5, 1823, M. Faraday was 
operating with chlorine hydrate in a sealed tube. Br. J. A, Paris called 
at the laboratory and noticed some oily matter in the tube Faraday was 
using ; he rallied Faraday “ upon the carelessness of employing soiled 
vessels.’’ Faraday started to open the tube by filing the sealed end ,* 
the contents of the tube suddenly exploded, and the oil ” vanished. 


Faraday repeated the experiment, and Br. Paris, next morning, received 


the laconic note : — 


“ Dear Sir, — The oil you noticed yesterday turned out to be liquid chlorine, 
— Yours faithfully, Michael Fabaday.” 

Chlorine can be condensed to a golden-yellow liquid at 0° and 6 atmo- 
spheres pressure. By sealing chlorine hydrate in one limb of a A-sbaped 

tube, and placing that leg in warm water 
while the other leg is immersed in a 
freezing mixture ' (Fig.: 109); of, say, ice,, 
and salt, yellow o.Uy drops of liquid 
■chlorine, ■■'..condense':, ih';' .'the "■,■ cold :.■: ..limb.'. 
The liquid boils at — 33*6° under atmo- 
spheric pressure, and freezes to a pale 
yellow crystalline mass wiiich melts at 
— 102°. Liquid ehiorine is sold com- 
mercially in steel cylinders. Experiments 
with compressed gases are dangerous. 
Many serious and disastrous explosions 
are on record. W'hen Thilorier was 
experimenting with liquid carbon 
Fio. I09.-Liquefactioiio£ Chlorine, dioxide, a cast iron vessel exploded and 
“ tore off both legs from the unfortunate M. Hervy,” 

The action of chlorine on other elements. — Thorough^ dry chlorine 
is somewhat inert chemically, and it has no appreciable action upon bright 
metallic sodium, copper, etc. Moist chlorine ,, is particularly active. 
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Chlorine does .not combine with oxygen directly although several com- 
pounds of chlorine and oxygen can be obtained indirectly. The inert gases, 
nitrogen, oxygen, carbon, and some of the rarer platinum metals, resist 
attack by /fee chlorine. The direct union of many of the elements with 
chlorine is attended by incandescence— for instance, powdered antimony, 
arsenic, and bismuth when shaken into a flask containing chlorine. Since 
the chlorides of antimony, etc., so formed are poisonous, the experiments 
are best made in a closed system, illustrated Fig. 110. When the bulb 
tube containing the powdered element is raised, it is easy to shake the 
contents through the flask of chlorine to illustrate incandescence which 
attends the combustion without an escape of the poisonous chlorides into 
the atmosphere of the room. Copper, brass foil, Dutch metal, phosphorus, 
boron, and silicon also ignite spontaneously in chlorine. Molten sodium, 
hot brass wire, and iron wire also burn in chlorine. 

In sunlight, equal volumes of hydrogen and chlorine combine with 
explosion. The same remark applies %vhen a mixture is exposed to the 
light of burning magnesium. Let a jar of hydrogen and a similar jar of 
chlorine be placed mouth to mouth (Fig. 36), 
the gases well mixed, the jars separated and 
immediately covered with greased glass plates. 

When a lighted taper is applied to the mouth 
of one jar, the gases unite with explosion. A 
piece of cold but recently ignited charcoal placed 
in the other jar frequently causes the gases to 
combine with explosive violence. 

Hydrogen does not appear to combine with 
chlorine with appreciable velocity in the dark, 
but in diffused daylight, the two slowly combine 
to form hydrogen chloride. The speed of the 
reaction is proportional to the intensity of the Combustion of 

light. Hence, actinometers have been designed Chloiine.^' ^ 
to measure the intensity of light in terms of 

the speed of combination of a mixture of hydrogen and chlorine 
gases. If light be filtered through a layer of chlorine gas before it 
impinges on the mixture of hydrogen and chlorine, the light produces no 
ai)preciable effect. Insolated chlorine rises slightly in temperature, 
even when the heat rays have been filtered from the incident light. It 
is therefore inferred that actinic (light) energy absorbed by chlorine 
is at once degraded into thermal energy. If hydrogen be associated ivith the 
chlorine, tohen exposed to light, the process of degradation of the actinic energy 
is accompanied by chemical action (J, W. Mellor, 1902). This mode of 
describing the facts does not tell us very much. The presence of minute 
traces of impurities in the gases retards the rate of combination in a 
remarkable way. 

A jet of burning hydrogen lowered into a jar of chlorine continues 
burning with the formation of hydrogen chloride. Chlorine gas may also 
be burnt in an atmosphere of hydrogen. . Hydrocarbons are decom|x>sed 
by chlorine ; for instance, a piece of cotton wool soaked in warm tui'pentine 
(CioHjg) will inflame when placed in a jar of chlorine. The burning of 
the turj)entine is accompanied by the separation of dense clouds of free 
carbon. The chlorine combines ydth the hydpogen forming hydrogen 
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chloride, and carbon is set free, ' A wax candle buiiis in cMoiine witii a 
very smoky fiame ; the hydrocarbon— wax— is decomposed in a similar 
manner. See also Fig. ■,317. 'Hence,' chlorine , .may ...be regarded as^ 
non-combustible, and a supporter of combustion. 

■ ■; Oxidizing effects of ' moist ' chlorine. — -Moist ' chiorine, or chlorine 
water, is a powerful oxidizing agent. , We have seen that chiorine. water is 
decomposed ixi suniight, p. 276. ■ Oxygen gas is given off .'and hydrogen 
chloride is formed : 2H2O 4- 2CI2 == 4HC1 + Og. , If a piece. of coloured 
litmus paper, coloured petals of a flower, or a piece of cloth dyed with 
turkey red or indigo blue be placed in a jar of dry chlorine no appreciable 
change occurs ; but if moisture be present, the colours are bleached by the 
chlorine. The action appears to be due to the formation of a coloiuiess 
oxidation product. Ordinary oxygen will not do the work of bleaching. 
One school of chemists therefore assumes that the oxidation is effected by 
the nascent oxygen— p. 34o ; another, that it is due to the decomposition 
of hypochlorous acid formed by the action of chlorine on water. The 
oxidation of sulphur dioxide by moist chlorine is of interest because it 
results in the simultaneous formation of both hydrochloric and sulphuric 
acids : CI2 + SO2 -1- 2K.fi = H2SO4 4 2HC1, 

Dissociation of the chlorine molecule. — The density of chlorine below 
600'^ corresponds vith 70*92, and the molecule is accordingly Cl 2 ; at higher 
temperatures, the density assumes lower values. At 1200°, the density is 
47*3, that is, about two-thirds the normal value for chlorine. ThiB is 
explained by the assumption that the two -atom chlorine molecules 
commence to dissociate into one-atom molecules above 600° ; Cig^^Ci “{- Cl. 

Uses. — Chlorine is used in the manufacture of bleaching powdei* ; in 
the extraction of gold ; in bleaching — e.g. wood pulp, etc. ; in the manu- 
facture of bromine, etc. 


§ 7. The Composition of Hydrogen Chloride and the Atomic Weight 

of Chlorine. 

1. Analysis of hydrogen chloride by sodium amalgam, — A 
stoppered glass tube — about 70 cm. long and 1*5 cm. in <liameter— is 
filled with dry hydrogen chloride over mercury. Sodium amalgam is 
then dropped into the tube, and the tube immediately closed witii its 
stopper. The tube is inverted several times in succession, and then 
opened while its mouth is dipping under mercury. Mercury rushes into 
the tube, and the residual gas is brought under atmospheric pressure by 
raising or lowering the tube until the mercury inside and outside is at the 
same level (Fig. 111). The volume of the residual gas is noted. The 
residual gas can then be tested in the usual manner. It is hydrogen. 
The hydi’ogen chloride reacts with the sodium of the mercury amalgam 
forming sodium chloride and liberating hydrogen. The object of using 
sodium amalgam in place of metallic sodium is one of convenience. This 
experiment demonstrates that hydrogen chloride contains half its own 
volume of hydrogen. Hence, from Avogadro’s hyimthesis, on 0 molecule 
of hydrogen chloride contains half a molecule, that is, one atom of hydrogen. 
The formula is therefore HCla,, where x represents the number of atoms of 
chlorine in the molecule. The. vapour density of hydrogen chloride is 
nearly 36*5 = 2). Hence the molecular weight Is 36*5, and the weight 
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of hydrogen in the molecule is 1. The molecule of hydrogen chloride thus 
oontams, 36*5 — 1 = 35*5 parts of ehiorine. This is the atomic weight of 
chlorine. Hence the formula for hydrogen chloride is HGL 

2.,,Tlie electrolysis of hydrochloric' acid. — When concentrated hydro- 
chloric acid is electrolyzed,, a mixture of equal volumes of hydrogen and 
chlorine is obtained. Carbon electrodes are used, because the., chlorine' 


I;.., slowly .attacks platinum. Chlorine, gas is also, soluble in concentrated 

hydrocMoiio acid, so that the acid should be saturated .with chlorine before 
the attempt is made to measure the gaseous products of electrolysis. If 
the vessel containing the acid is arranged so that the acid about one elec- 
trode is connected with the acid about the other electrode by a glass tube 
I junction, Fig. 112, it is only necessai^ to saturate the solution about 

i one electrode with chlorine. The apparatus illustrated, Fig. 112, 

! devised by L. Meyei’, has two limbs filled with concentrated hydi’ocliloric 

acid, and an electric current is passed until the liquid in the chlorine 
limb is saturated with chlorine. The two gas receivers are put into 
communication with the electrolytic vessel by 



suitably turning the three-way stopcocks. The gas 
receivers have, of course, been previously filled 
with liquid — a saturated solution of sodium chloride 
— by placing a dish of the liquid below each 


Fig. ill. — Volume Com- 
position of Hydrogen 
Chloride. 


Fig. 112, — Meyer’s Apparatus for the Electrolysis 
of Hydrochloric Acid. 


receiver and applying suction at the proper exit tube when the three-way 
cocks are suitably turned. The gases coHect in the tubes at equal rates. 
The experiment shows that during the electrolyis of concentrated hydro- 
chloric acid, the volume of hydrogen liberated at the one electrode 
is equal to the volume of chlorine liberated at the other electrode. 
Assuming that the hydrogen chloride dissolved in the water is alone decom- 
posed by the electric current,, it follows that hydrogen chloride contains 
equal volumes of hydrogen and^ of, chlorine, and therefore also an equal 
number of atoms ; or the formula , is HatCij*., where x is evaluated as before 
from the vapour ^ density This demonstration' 'of the composition 
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of hydrogen chloride, ''though ■■interesting as circumstantial evidence, is 
not a, proof unless " supported by ' accessory evidence. . A similar demonstra- 
tion applied to the analogous hydrofluoric acid would prove ” that 
li3’’drogen fluoride is a compound of hydrogen and oxygen. 

When concentrated hydrochloric acid, is diluted with eight volumes "of 
water and electrolyzed, some oxygen is evolved along with the chlorine ; 
with nine volumes of water, still more oxygen is evolved. The more dilute 
the acid the greater the amount of oxygen, until, with water acidified with 
a few drops of acid, no chlorine, but oxygen alone is obtained at the 
anode, p. 67. 

3, The synthesis of hydrogen chloride. — The mixed gases obtained by 
the electrolysis of concentrated hydrochloric acid in an apparatus 
resembling Fig. 19 are passed through a stout glass “ explosion ” tube 
with a sto|)coch: at each end, ri, Fig. 1 13. The tower is packed with lime 
and glass •wool to absorb the chlorine. Instead of this the' exit tube may 
lead to the fume closet. When all the air is displaced, the stopcocks are 
closed. One of the stopcocks may be opened while the corresponding 
end of the tube is dipping under concentrated sulpliiiric acid ; no gas 

enters or leaves the apparatus. The 
tube and contents are exposed to 
sunlight or to the light from burn- 
ing magnesium. The face must be 
protected in ease the tube should 
burst during the explosion. When 
the tube is cold, open one of the 
stopcocks while the corresponding 
end is dipping under coneentrated 
sulphuric acid ; no gas enters or 
leaves the tube. This shows that 
no change in volume has taken place as a result of the explosion. It can 
be proved that the tube contains nothing but hydrogen chloride by 
opening the tip of the tube under water. The hydrogen chloride will 
be absorbed and water will rise and fill the tube except for a little air 
(or perhaps a slight excess of hydrogen) which might have been present. 
This experiment shows that one volume of hydrogen unites with one 
volume of chlorine to form two volumes of hydrogen chloride. 

Hydrogen chloride contains the equivalent of half its volume of chlorine 
and half its volume of hydrogen, or, by Avogadro’s hypothesis, assuming 
the hydrogen and chlorine each contain two atoms, one molecule of 
hydrogen chloride contains half a molecule of hydrogen and half a molecule 
of chlorine, that is, one molecule of hydingen chloride contains an atom of 
chlorine and an atom of hydrogen. The formula is therefore HCl. This 
agrees with the vapour density determination of hydrogen chloride which 
furnishes 36*49 (Hg = 2). If the atomic "weight of chlorine be 35*46, 
and of hydrogen 1*008 (0 = 16), it follows that the formula for Irvdrogen 
chloride is HCl. 

4. The atomic weight of chlorine. — ^The combining weight of chlorine 
has been deduced by finding how much silver chloride can be obtained 
from a given amount of silver. The results show that Ag : Ci ~ 107*88 
: 35*46. The ratio H : CI has also been determined by the combustion 
of hydrogen in chlorine in an apparatus similar in principle to that 



Fig. 113.— Collecting Electrolytic 
Hydrogen and Chlorine. 
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employed by Morley for the combustion of hydrogen in oxygen, p. 62. 
Collecting the best determinations, it is found that the ratio varies between 
1 : 35*43 and ! : 35*46. The best representative value is taken to be 35*46. 
Again collecting together the vapour density determinations of all known 
volatile chlorides, we obtain a table from which the following has been 
abstracted : , 


Table X.— -Moleculab Weights of Volatile Compounds, 


Volatile chloi'ide. 

Vapour 

density. 

Formula of com- 
pound .* molecular 
weight = vapour 
density. 

Amount of 
chlorine in the 
molecule. 

Hydrogen chloride . . . 

36-5 

HGl 

35*46 

Chlorine . . . 

70-9 

Clg 

70*92 

Mercuric chloride 

273*6 

HgCL 

70*92 

Arsenic trichloride . . 

182*1 

AsCIg 

106*38 

Tin tetrachloride . , 

1 260*2 

SnCL 

141*84 

Phosphorus pentachloride . 

208*3 

FCJ, 

177'30 


The smallest combining weight of chlorine in any one of these com- 
pounds corresponds with the combining weight 35*46 — oxygen — 16 — and 
accordingly this number is taken to represent the atomic weight of chlorine. 
The atomic and equivalent weights of chlorine have the same numerical 
value. 

§ 8. The Chlorides of Calcium, Barium, Magnesium, and Zinc, 

Many metals readily combine with cMorine, forming chlorides, and often 
in several different proportions : stannous chloride, SnCl^, and stannic 

chloride, SnCl 4 ; cuprous chloride, CuGl, and cupric chloride, CuClg ; 
mercurous chloride, HgCl, and mercuric chloride, HgClg ; ferrous chloride, 
FeCig, and ferric chloride, FeCla, etc. 

In addition to the methods of making chlorides previously described, 
namely, by acting on the metal, the metallic oxide, hydroxide, or carbonate 
wnth hydrochloric acid; and by adding a soluble chloride to a solution 
of the metallic salt whereby a sparingly soluble chloride is precipitated, 
chlorides can be made by the action of chlorine on the metallic oxide, or 
a mixture of the metallic oxide with carbon, or by the action of chlorine 
or hydrogen chloride on the metal, and by some other methods to be 
described later. The last-named processes are generally used when an 
anhydrous chloride is wanted. 

Calcium, strontium, barium, magnesium, zinc, cadmium, and beryUiiim 
chlorides form a closely graded series. They can all be made b^?- the general 
methods, and they all crystallize from aqueous solutions united with water ; 
which varies from one to seven molecules of water per molecule of the 
chloride. For instance, ZnCl 2 .H 2 iO ; , BaCl2*2H20 ; CaClg.dHgO, etc. The 
mode of combination of the, waiter generally called water of 

crystallization, is not clear. It is sometimes supposed to depend upon 
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the quadrivalency, of the. oxygen of the water molefjn!e, , aiid the.tervalency 
of chlorine. 'vThus' :' 


Zn<g> 0 <| 


^ .01 — 0 — Hg 


H H. H. , ■ H ,, .11 , .11 

6==OI-~~6-^d-™~Ga--~6— 6 

H , , H' H V „ H 


Zn—CVH^O Ba0l2,2H2O 


Ca.Cl2.6H2O 


If the heats of combination of the different elements with chlorine 
be plotted ivith the atomic weights of the elements, a curious periodic 
curve is obtained as indicated in Eig. 114 , where the dotted lines denote 
the want of data. A similar periodic curve is obtained when the heats 
of formation of the oxides are treated in a simiier way. 

Double chlorides.—The chlorides may also unite with other chlorides 
forming double chlorides, e.g. MgCl2.NH4CL6H20 ; MgGla.EOl.OHgO ; 
2nCl2.NH4Cl, etc., when their mixed aqueous solution are concentrated 
and allowed to crystallize. The doable chlorides can be cMed without 



decomposition. This property is not so well defined with the calcium, 
barium, and strontium compounds as with berjdiium, zinc, cadmium, and 
magnesium compounds. The property has been attributed to the multi- 
valency of chlorine. Thus, with tervaient chlorine : 


Zn<^| 


2 n< 


,C 1 = 


CI= 


:C 1 - 

:GB 


-K 

-K 


Zn< 


.CI-CL ^ 

Zinc chloride. Zinc potaasium chloride. Zinc calcium, chloride. 

Neutral salt reactions. — If a concentrated solution of neutral sodium 
sulphate be heated with red litmus, the blue coloration shows that an 
alkaline solution is formed, the alkalinity disappears as the solution cools. 
The reaction is not shown when a solution of sodium chloride is treated in 
a similar manner, but if nitroanthrochrysone sulp>honic acid is used as 
indicator, sodium chloride too .shows the reaction. If rosaniline just 
decolorized with dilute sodium hydroxide be used as indicator, both solu- 
tions give a magenta coloration indicating an acid reaction. With the so- 
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called basic indicators, tbe above-mentioned salts— as vv^ell as others — ^give 
alkaline reactions, and with acid indicators, an acidic reaction. Hence it 
Is inferred that the hydrolysis of these neutral salts? NaCl -b "H20 ^^ HCl 
:+:]S[aOH. is .too feeble to be detected' under ordinary ■.conditions, but it 
becomes; evident when an indicator is used which can itself unite, with one 
.product of the hydrolysis. 

Hydrolysis. — These chlorides are slightly decomposed in aqueous solu- 
tions. The term “ hydrolysis ” is generally employed for the interaction 
between a salt and water whereby free acid and free base, or an acid and a 
basic salt, are formed. Hydrolysis is thus a kind of reversion of the process 
of neutralization of an acid with a base, or of base with an acid. In the 
case of magnesium chloride and water, a certain amount of the magnesium 
chloride is decomposed, and magnesium hydroxide and hydrochloric acid 
are. formed : MgCIg + 2 H 2 O Mg(0H)2 + 2HCi ;■ or possibly ; ' MgCl 2 ; 
-}" HgO ^Mg{OH)Ci -t- HCi, the free acid reddens blue litmus. The 
amount of hydrolysis in aqueous solutions of barium, strontium, and 
calcium chlorides is insignificant, although these salts, as well as the 
alkaline chlorides, are very slightly hydrolyzed. The hydrolysis of sodium 
chloride can be demonstrated by Emich’s experiment : 

Heat a little sodium chloride in a platinum crucible to bright redness, and add 
a coiixole of drops of water to the hot crucible so that the water assumes the 
spheroidal state. In a moment, transfer the water to a bea.ker containing a very 
faintly coloured solution of blue litmus — the litmus is reddened, showing the 
presence of an acid — hydrochloric acid. The salt remaining in the crucible is 
dissolved in water, and it turns red litmus blue, showing the presence of an alkali 
— sodium hydroxide. 

Hydrotysis belongs to the type of “ opposing reactions ” previously 
discussed. Equilibrium occurs when the speed of hydrolysis is equal 
to the speed of re-combination of the products of the hydrolysis. If one 
or both the products of hydrolysis are removed from the sphere of the 
reaction, either by the formation of a precipitate, or by the liberation 
of a gas, the whole of the salt may be hydi'oiyzed. With bismuth chloride, 
BiCl 3 , for example, the basic salt BiCi(OH )2 is quantitatively precipitated : 
BiClg 4- 2 H 2 O BiCl{0H)2 -f 2HCL This reaction, in fact, is one of 
the standard methods employed in analysis for the precipitation of 
bismuth quantitatively from a solution. 

In consequence of hydrolysis, when aqueous solutions of zinc or mag- 
nesium chlorides are concentrated by evaporation, some hydrogen chloride 
volatilizes, and a mixture of the oxide and chloride, or a basic compound 
— ^MggOClg, or MgO.MgClg — ^is formed. The anhydrous chloride cannot 
therefore be prepared by the evaporation of the aqueous solutions. If 
hydrogen chloride be prevented from leaving the solution by conducting 
the evaporation in a stream of hydrogen chloride, the hydrolysis of the 
magnesium chloride cannot proceed very far. Indeed, the excess of 
hydrogen cliloride drives the hydrolysis backwards by increasing the con- 
centration of hydrogen chloride in the system, so that it is possible to 
prepare anhydrous magnesium chloride,, by the evaporation of aqueous 
solutions in a stream of hydrogen cHoride gas. See “ zinc sulphate ” for 
another view of hy drotysis.; ■ - 

Magnesium and zinc oxychioridee. — ^When- magnesium chloride is 
heated in air, clilorine is evolved^ and? magnesium oxychloride, MgaOOlgj 
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is formed; and at still higher temperatures, nearly ail the chloride is 
decomposed and magnesium oxide, Mg0, remains. See Weldon and 
Pechiney’s process for chlorine, p. 277. 

If calcined magnesia he made into a thick paste with a eoncentrated 
solution of magnesium chloride, or if zinc oxide and zinc chloride be treated 
in a similar manner, the mass hardens to a stone-like mass owing to the 
formation of an oxychloride. Hence the use of these mixtures as cements : 
e.gp. zinc oxychloiide is employed by dentists for stopping teeth ; and 
magnesium oxychloride — SoreVs cement, or magnesia cement-— is. used in 
the manufacture of artificial stones, tiles, etc. 

Solubility of the chlorides in water.—When some anhydrous chlorides 
are dissolved in water, heat is evolved, and the solution becomes warmer : 
e,g, CaClg + Aq = CaCi2aq + 17*4 Cals. ; with anhydrous barium chloride, 
2*1 Cals., and mth anhydrous magnesium chloride, 4361) Gals. On the con- 
trary, when the crystalline hydrates are dissolved in water, heat is absorbed, 
and the solution becomes cooler: e.g. GaCl2.6H20 Aq = CaClgaq 
— 4*3 Cals. ; with crystalline barium chloride, BaCl2.2H20 — 4*9 Cals., 
and with crystalline magnesium chloride, MgCl2.6H20 — 3*0 Cals. Thus, 
the temperature can be reduced from to — 42° by a mixture of 2 parts 
of crystallized calcium chloride, with half its weight of snow or powdered 
ice ; 3 parts of potassium chloride with 2 parts of snow will lower the 
temperature from 0° to —33° ; and with 10 parts of snow, from 0° to —11° ; 
1 part of sodium chloride with 3 parts of snow will lower the temperature 
from 0° to —17*7°, Hence the use of such salts as freezing mixtures. 
Note the four methods of producing cold so far described : ( 1 ) rapid solution 
of some soHds ; (2) rapid evaporation of a volatile liquid ; (3) rapid 
expansion of a compressed gas ; and (4) cooling and comi>ression of gases. 

It is well to remember that the dissolution of a solid is attended by 
(i) the separation of the molecules against molecular attraction ; (2) the 
liquefaction of the solid ; and (3) combination of the solute vith the 
solvent. The two former involve an expenditure of energy and exercise 
a cooling effect, the last alone usually exercises a heating effect ; whether 
the dissolution of a solid i\ali be an endo- or an exo-thermai process is 
thus determined by the relative magnitudes of these three effects. When 
liquids are dissolved, (2) wili be zero ; and with gases liquefaction wiH be 
attended by an evolution of heat. 

An idea of the solubility of the cMorides of barium (BaCla), strontium 
(SrClg), calcium (CaClg), cadmium (CdClg), magnesium (MgCig), and zinc 
(ZnClg), wili be obtained from the following table which represents the 
amount of salt, in grams, dissolved by 100 grams of water at the tempera- 
tures named : 


Table XT.— SoLUBiLiTiES of Chlorides, 


Temperature, 

BaCla 

SrClg 



OdCig 

MgClg 

ZuClg 

0° . . . 

'.■'"'■.■^'3:2;'"';'-' 


69 


yMimM 

f>a 



44: 



11-6 



1 470 


50 


'Mmm. 


u 

■73 ^ 

616 
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Tlie remarkable solubility of zinc cMoride is •wortliy of special note. 
At 50°, for instance, zinc chloride forms a thick syrupy Mquid with one - 
fourth of its weight of water. The great affinity of zinc and calcium 
chlorides (anhydrous) for water is utilized in chemical work. Calcium 
chloride is extensively employed in the laboratory for drying gases ; and 
zinc chloride is powerful dehydrating agent. It decomposes inany 
organic compounds, taking from them the elements of water. Zinc 
chloride is also used as an antiseptic ; in the preservation of wood from 
decay ; and, owing to its power of dissolving metallic oxides, as a flux in 
soldering. , ; , ' , 

The smoothing of solubility curves.- — The solubility curves of these 
salts would be misleading if plotted from the numbers indicated above, 
for many of these chlorides give solubility curves with a number of breaks 

which would thus ' — — — ^ — r — ’ r — : — p— r — — 

be smoothed out 

and accordingly ^ ~ ~T "^7 

obscured. ■ ■ , Care ' ^ ^ ^ — ■ — - — - ■ — — — 

must always be 1 / 

exercised in 
smoothing data 
obtained at 
widely diflering ^ ^ 

temperatures, be- ^ 
cause some im- § 

portant pheno- ^ o 

mena may thus | 

be masked. The 
breaks corre- ^ 

spond. with the 
change in the 
solubility wliich -50 

attends the trans- 
formation of one 0 50 WO /50 zoo Z50 500 350 

hydrate into an- Grd/ns CdCl^ per WO gTms.of m^er 

other as the tern- Fig, 115,-— Solubility Curve of Calcium Chloride, 

perature rises. 

Calcium chloride may he taken to illustrate the principle, Fig. 115. At 
29*8° the hexahydrate CaCl 2 . 6 HgO changes into the a-tetraiiydrate 
a~CaC] 24 H 20 ; at 45*3° the a-tetrahydrate passes into the dihydrate 
CaCla.^HgO ; at 175*5° (not shown in the diagram) the dihydrate passes 
into the monohydrate CaCl 2 H 20 ; and at 200 ° the monohydrate passes 
into the anhydrous salt CaCl 2 . The changes from one hydrate to the 
other produce the breaks indicated in Fig, 115, Each hydrate has its own 
particular solubility curve. There are two different tetrahydrates, each 
having its own specific solubility curve. They are distinguished as the a- 
and the jS- tetrahydrates, the former being the stable hydrate whose 
solubility curve is shown in the diagram. 

Deliquescence and efflorescence ; ---Each hydrate has its own specific 
vapour pressure at a particular temperature. The average vapour pressure 
of the water vajiour in atmospheric air is eqxnvalent to 8 or 9 mm. of 
mercury. If the vapour pressure of the hydrate be greater than the vapour 
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pressure of atmospheric moisture, tile hydrate will fose water on exposure 
to the air — ^in other words, the salt will efEoresce ; on the contrary, if the 
vapour j)ressureof the hydrate be less than that of the atmospheric moisture, 
the salt will absorb moisture from the atmosphere, and deliquesce* Here 
are a few illustrations, taken at about : 


Table XII. — Vapour Pressures of Hvu rates; 


Salt. 1 

Vaj)our pressiir'e, 
mm. 

Property.,' 

CaCU.GHcO 

■ ' ■ . 3^2 

Deliquescent 

FeCi:.6H:0 

6-0 

Deliquescent' , ' 

iNTaoSO-lbHoO 

27-8 

' Bffloreseent 

Na;co.^.ioH;o 

24*2, . 

.Efflorescent 


It is therefore possible to predict whether or not a salt will have a 
tendency to efflorescence or deliquescence when the vapour pressure of 
the hydrate is known. But a perfectly sound crystal of, say, sodium 
sulphate does not effloresce on exposure to the atmosj^here. If, however, 
the change has commenced at any point, it will spread throughout the 
whole mass. This is in accord v\^ith the phase rule F ~ C ■— F % In 
the perfect crystal there are two phases P, namely sodium sulphate, 
Na2S04.10H20, and water vapour; and two components C, namely 
NagSO^ and HgO. Hence the system is hi variant (P == 2), so that the 
pressure of the water vapour and the temperature can vary arbitrarily 
within certain Hmits wdthout altering the state of the s^ystem. If, however, 
some efflorescent salt be present, there will be three phases, and the system 
will be univariant (P = 1), so that for every temperature there is one 
and only one vapour pressure for equilibrium. 

Manufacture of calcium and barium chlorides. — Calcium chloride is 
obtained as a by-product in many manufacturing operations — manufacture 
of potassium chlorate ; of ammonia from ammonium chloride, etc. The 
salt crystallizes from its aqueous solutions in hexagonal crystalline prisms. 
Barium chloride is made by dissolving witherite, native barium carbonate, 
in hydrochloric acid. It is also manufactured from the mineral barytes, 
barium sulphate, BaS04, by roasting the mineral with powdered coke, 
limestone, and calcium chloride. The barium sulphate is reduced to the 
sulphide, BaS, thus BaSO^ -I- 40 = BaS + 4CO. The barium sulphide 
then reacts with the calcium chloride, forming calcium, sulphide and barium 
chloride : BaS + CaClg = CaS + BaClg. The mass is lixiviated witli 
water ; the calcium sulphide remains behind, and barium ehioride passes 
into solution. When the solution is concentrated and cooled, barium 
chloride, BaCl2.2H20, separates in colourless rhombic plate>s. 

Cr3-^stals of calcium oxychloride, CTCa.0.Ca.0H(-h7H.20) are formed 
when lime is boiled with a concentrated solution of calcium chloride ; 
and another basic chloride la formed when ammonia is made by heating 
ammonium chloride with lime. The oxychlorides do not all have the 
' same: eomppsitiqm':V'"o'^.:' 
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' § 9. Mercury, Silver, Copper, and Gold Chlorides; " 

:.Meremy, silver, copper,, .and gold form a series .of .cMoiides—HgCI, 
CuCi, ,AgGl; x4uCl-— similar in type to the alkaline chlorides—KCi, NaCi— 
but they , are ail very sparingly soluble in water. In these chlorides the^ 
metal appears to behave as a monad ; but, in addition, mercury and copper 
respectively form HgCla and CuGla, in which the metals behave as dyads ; 
gold. also forms a second ' chloride— AuCig— in which' the metal behaves 
as a triad. The lower chlorides are named : mercurous, cuprous, and 
anrous chlorides ; and the iiigher chlorides are called : mercuric, cupric, 
.and auric chlorides. ' 

Mercuric chloride, HgGl2— -also called corrosive sublimate — ^is made on a 
commercial scale by heating a mixture of mercuric sulphate with sodium 
chloride : 2NaCl -j- HgSO^ = Na2S04 -|- HgClg ; ^ Httie manganese 

dioxide, Mn02, is usually added with the object of preventing the formation 
of the lower chloride. Mez'ciiric chloride sublimes as a white translucent 
mass. The salt can be obtained in needie-Iike rhombic prisms by cooling 
a solution saturated with the salt at 100°. There is a great difference in 
the solubility of the salt at 100° and at lower temperatures ; thus 100 grams 
of solution at 0° contains 3*5 grams of salt ; and at 100°, 38 grams. It is 
more soluble in mercuiy . The salt melts at 277 ° and vaporizes about 301 °. 
Like magnesium and zinc chlorides, mercuric chloride readily forms 
oxychlorides and also double salts, HgCi2.HCi ; HgCla.HgO; and the 
sal alembroth, or salt of ■wisdom, obtained by the early chemists by 
crystallization from a solution of equal parts of ammonium and mercuric 
chlorides. The double salts are more soluble than mercuric chloride, 
and they are much used in making antiseptic solutions for taxidermists, etc. 
Mercuric chloride is a valuable antiseptic, and is used for washing ivounds, 
etc., in surgery. Dilute solutions, 1 part of salt per 1000 parts of water, 
or per 2000 parts of water, are usually employed. Mercuric chloride is a 
virulent poison. The antidote is albumen (the white of a raw egg). This 
forms with the salt an insoluble mass which can be removed from the 
stomach. 

When a solution of mercuiic chloride is treated with an excess of aq. 
ammonia, a white bulliy precipitate of mercuric amido chloride, NHg.HgCl, 
or mfusible idiiie ];)reci'2ntaie or simply white precipitate is formed; if the 
order of mixing be reversed, and particularly if mercuric chloride be added 
to a boiling solution of ammonium chloride, mercuric diammino chloride, 
Hg(NHy)2Ci2 is formed. It is called fusible white precipitate because, 
when heated" it fuses and then volatilizes, whereas infusible white precipi- 
tate volatilizes without fusing. Infusible white precipitate is used in 
pharmacy for making ointments. When infusible white precipitate is 
treated with hydrochloric acid, the reaction is symbolized : NHgHg.Cl -f 
2HGi = NH4CI + HgClg ; arid with hydrofluoric acid, mercuric chloride 
and fluoride and ammonium chloride are formed. This has been taken 
to indicate that the chlorine atom in: the original compound is attached 
to the mercury atom: NH2.Hg.Gi, and' not , to the nitrogen atom : 

Cl — This is confirmed W the production of the amido chloride 

by the action of sodamid© oh chloride: NaNHa + HgClg 
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= KaCl -h ISiH 2 .Hg.Cl ; by, 'the' formation of a yellow crystalline ,pre-. 
cipitate, HgPtCl 5 {NH 2 ), when it is treated with chloroplatinic acid, 
HgPtClg ; and by the formation of an ethyl derivative ]S[H(C 2 H 5 ).Hg.Cl. 
The relation between fusible and infusible white precipitates as shown by 
the reversible reaction : 

^ HHa.Hg.Cl-hHH.iCl^Hg(NH3)2C!^ / 

Infusible white pp. Fusible white pp. 

Mercurous chloride, HgCl or HgaCig—also called calomel If mercuric 
chloride be heated along vdth metallic mercury, a sublimate of mercurous 
chloride is obtained as a white powder. The mixture used for the prepara- 
tion of mercuric chioride can also be employed if the manganese oxide 
be omitted, and metallic mercury introduced : HgClg + Hg= 2HgCL 
Mercurous chloride can also be made by the direct union of mercury and 
chlorine ; and by the addition of a soluble chloride, or, better, hydro- 
chloric acid, to a soluble mercurous salt. Mercurous chloride is precipi- 
tated. One litre of water dissolves but 0*002 gram of mercurous chloride 
at 18°. Mercurous chloride sublimes at 373°, and it slowly blackens when 
exposed to light. This is said to be due to the reversal of the reaction just 
indicated. The blackening is thus due to the separation of mercury, 
2HgGI = HgCl 2 + Hg. The salt is also blackened by contact with 
alkalies and aqueous ammonia — hence the term “ calomel ’’ from the 
Greek KaXojxdXas (kalonielas), black. This black ];)ow'der appears to be 
mercuric amide-chloride, Hg{KH 2 )Ci, mixed with metallic mercury, and 
the reaction is represented ; 

2NH3 = NH, 0 I + Hg 

Mercurous chioride absorbs dry ammonia gas forming HggClg.SNHg. 
Mercurous chloride reacts with alkali hydroxides as symbolized : 
2HgCi + 2KOH = HggO -{- HgO -j- 2KC1 ; and with aliiali carbonates ; 
2HgCl + NagCOg = HggCOs + 2HaCl. Mercurous chioride occurs native 
in Spain and some other countries. The mineral is called horn quichsilver. 
Both mercurous and mercuric chlorides are employed in medicine. 

The vapour density of mercurous chloride. ^ — The vapour density of 
mercurous oliloride at 518° is 235 ‘5 (Og == 32). This number agrees with 
235*5 required for the simple molecule HgCl. If mercury be a dyad, and 
if it has a constant unchangeable valency, the formula should be HggCjg, 
that is, Cl — Hg — Hg — CL In that case, the observed vapour density 
means that the mercurous chloride dissociates into mercuric chioride a.n'd 
mercury : HggClg == Hg HgClg ; the theoretical vapoiu* density of 
which is ■|(200 -f 270*9) = 235*5, the same as for HgCl. The vapour 
density determination does not therefore furnish a definite ans\rer to the 
obvious question. The vapour of calomel forms an amalgam with gold 
wdien a piece of gold leaf is suspended in the vapour, owing to the preserico 
of mercury vapour. It is possible that gold leaf decomposes calomel 
vapour, and, at best, the experiment only shoves that some dissociation 
occurs, whereas the observed density requires complete dissociation. The 
argument based on the constant valency of mercury is of little value. 
Hence an experimentum cmci^-r-that is, an experiment which will decide 
the question without ambiguity— is still wanting. The best arguments in 
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favour of the dissociation h^rpothesis (HgaClg^HgCl^ -f Hg) are due (1) to 
H. B. Baker, He claims that the vapour density of . calomel, perfectly 
dry, corresponds with the formula HggClg ; but if the calomel be not so 
' completely dried, it is probable that HggCla dissociates into Hg and HgCla, 
analogous with the behaviour of perfectly dried ammonium chloride, 
is known to behave in this manner. ■■ (2) 'A. Smith and A. W. C. Meiizies 
( 1910 ) showed that the vapour pressure of a mixture of calomel and 
mercury will be equal to the sum of the vapour pressure of mercuiy and 
calomel if there be no dissociation, and less than this sum if dissociation 
of the calomel vapour occurs. Experiment showed that the observed 
vapour pressure of the mixture is less than that calculated for complete 
clissociatioii. This was traced to a slight lowering of the vapour pressure 
of mercury owing to its dissolving a little calomel. Ailowing for this, 
Smith and Menzies’ measurements give numbers in close agreement with 
the view that the vapour of calomel is completely dissociated; 

Cupric chloride, CuClg.— This salt can be made by dissolving the metal 
in a mixture of nitric and hydrochloric acids, as well as by the usual 
methods: burning the metal in chlorine, etc. Cupric chloride, when 
anhydrous, is a dark brown solid. Free chlorine can be detected in the 
vapour of cupric chloride at 344° ; and at about 400° it furnishes cuprous 
chloride and chiorine gas. Cupric chloride dissolves in a small quantity 
of w'ater, forming a deep green solution which deposits rhombic crystals 
of CUCI2.2H2O on evaporation. If the aqueous solution of cupric chloride 
be diluted with a larger volume of water, the solution becomes blue and 
loses its green tint; the green tint is restored if the blue solution bo 
concentrated by evaporation. When ammonia gas is passed into an 
aqueous solution of cupric chloride, blue crystals of CuCi2.4NH3.H2O 
are deposited. This compound loses all its water and half its ammonia 
when heated between 120°-125°. When the anhydrous chloride is exposed 
to ammonia gas, a blue solid, CuGla.GNHg, is formed ; it is insoluble in 
liquid ammonia, but soluble in water, and gradually dissociates into the 
tetrammine, CuCi2.4NH3 the diammino, CuCi2.2NH3; and at higher 
temperatures this compound decomposes into nitrogen, cuprous chloride, 
ammonia, and ammonium chloride : 6(Cu0l2*2NH3) = BCuCl -\~ 6NH4CI 
+ 4NH3 -r Ng. The constitution of the “ metal-ammonia ’’ compounds, 
called the ‘‘ ammines,” is discussed later. 

Cuprous chloride, CuCl. — When a solution of cupric chloride in con- 
centrated hydrochloric acid is digested with metallic copper, and the acid 
solution is poured into v^ater, a white precipitate of cuprous chloride 
separates. When either cuprous or mercurous chloride is heated in ii 
current of chlorine, tlie “ -ic ” salt is produced, e.g. 2CaCi + Clg = 2CuCl2 ; 
and conversely, when either cupric or mercuric chloride is heated in a 
current of hydrogen, or brought in contact with nascent hydrogen, the 
“ -ous salt is produced, followed immediately by the reduction of the 
chloride to the metal. Cuprous chloride melts between 415° and 422°. 
Stannous chlmide, SnClg, reduces mercuric to mercurous cliloride, and the 
latter, in turn, to metaEic mercury ; sulphurous acid, H2SO3, reduces 
cupric to cuprous chloride. Conversely, cuprous chloride can be oxidized 
to cupric chloride by exposing the hydrooMoric acid solution of cuprous 
chloride to the atmosphere. The . solution becomes brown and then 
deposits a greenish-blue solid, CuCig.SOup.SHgO,; which appears to resemble 
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the mineral atacamUe. A bromide analogue is also known^ C)ii}3rous 
chloride, dissolved in hydrocMoric acid or in amnmnia, readily absorbs 
carbon monoxide. Both solutions are employed in gas analysis for the 
removal of Ccxrbon monoxide from gaseous mixtures. ^ The amount of 
gas absorbed never exceeds the ratio Cu ! CO, and it is probable that 
a compound CUGLOO. 2 H 2 O is formed. When a solution approaehiiig 
saturation is brought in contact with a gas free from carbon monoxide, 
some carbon monoxide may leave the solution and contaminate uhe gas. 

Silver chloride, AgCi. — Silver chloride occurs in nature as the mineral 
horn silver. Like mercurous chloride, silver chloride is formed when a 
soluble chloride is added to a solution of a silver salt. The white precipi- 
tate melts between 451® and Abo®, forming a yellow liquid which becomes 
darker the higher the temperature. The liquid solidifies on cooling to a 
tough horny mass. Silver chloride absorbs ammonia gas, forming 
AgCL2NH3 ; and AgClSNHg, some properties of which will be discussed 
later. Silver chloride is soluble in concentrated hydrochloric acid, in 
alkaline ohiorides, aqueous ammonia, potassium cyanide, and in sodium 
thiosulphate. Its solubility in water was indicated on p. 190. See also 
p. 323. 

Action of light on silver chloride.— Thoroughly dried and purified silver 
chloride can be exposed to sunlight for several hours without darkening ; 
but if a trace of moisture be present, the chloride darkens, assumes a 
violet tint, which passes into brown, and finally turns black. It is probable 
that the chloride decomposes into free chlorine and silver subchloi’ide, 
AggCi ; thus : 4AgG1^2Ag2Cl + Gig. The system is in equilibrium 
when the vapour pressure of the chlorine has reached a certain value. 
Some hold that the molecule of the subchloride should be represented 
Ag 4 Ci 2 , or Ag^ = Gi — Cl = Agg. When the silver subchioride is exposed 
to the action of chlorine gas in darkness, silver chloride, AgCl, is formed. 
The amount of silver chloride decomposed, for equilibrium, depends upon 
the intensity of the light. If chlorine be removed from the sphere of the 
reaction, by, say, mixing the silver salt with a suitable organic compound 
which binds ” the chlorine, the reaction proceeds to an end. These 
properties of silver chloride are employed in photography. Silver bromide 
and silver iodide appear to behave in an analogous manner, but the 
bromide is generally considered most suitable for photographic purposes. 

Photography. — -A celluloid film or glass plate is coated on one side 
with a film of gelatine containing, say, silver bromide in suspension, and 
diied. The plate is placed in the camera, and exposed by focusing the image 
of the object to be photographed on to the plate for a moment. The silver 
bromide is affected in some unknown way so that the most intense change 
occurs where the light is brightest, while the change is less intense in the 
shadows. No visible change is apparent until the plate is demlo^ped. 
Chemists who have specialized in the study of the so-called latent image 
are not agreed as to w'hat the exposure does to the plate so that after 
development an image of the object appears. The rivals are the sub-halide 
hypothesis, the reduced silver hypothesis, the solid solution hypothesis, etc. 
The plate is developed by . treating it with a reducing agent — ^ferrous 
oxalate, pyrogallol, or some special developer. The developer continues 
the change started by the light, but it is without action on the unexposed 
parts o! the platen 'As a'result,;finely;divided silver is deposited on the 
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parts of the plate illuininated by the light reflected from the object. The 
deposit is thickest where the light was most intense. Hence, the dark 
parts of the object a.ppear lightest on the plate, and the light parts dark. 
The image is : thus the reverse^ of the' object, •and the plate is accordingly 
called a negative. The silver salt which has not been affected by the light 
nor by the developer is now removed, and the image thus jbcecl on the plate 
by immersing the plate in a solution of sodium thiosulphate. The plate 
is then washed and dried. A is.made by laying the negative ripon 
sensitized printing paper — ^that is, paper prepared in a similar way to the 
negative— so that the light must pass through the negative before striking 
the paper. The negative absorbs the light in proportion to the thickness 
of the deposit of silver, so that the print has the same shading as the object. 
The paper is then treated with a solution of sodium thiosulphate to fix the 
image. The print may be toned hj immersing it in a solution of gold 
chloride so that some of the silver is replaced by gold ; this gives the print 
a warm reddish tone ; if a platinum salt be used instead of gold, a steel- 
grey tone is produced. The image on the print wuU be the reverse of that 
on the negative, and will therefore correspond with the object. Hence 
the print may be called the positive. 

Auric chloride, AuClg. — If gold be dissolved in a mixture of hydro- 
chloric and nitric acids {aqua regia), yellow needle-like crystals of a complex 
acid — hydrochioroauric acid, HAuCl^ — separate from moderately con- 
centrated solutions. If the solution be evaporated to dryness, and the 
residue dissolved in a little w-ater, reddish crystals of AUCI3.2H2O can 
be obtained by concentrating the solution. These crystals lose water and 
give brown deliquescent crystals of the anhydrous chloride w^hen heated 
to a low temperature. The crystals contain traces of hydrochloric acid, 
and slowly decompose at 100° ; 2AUCI3 — 2Au + SCig. Auric chloride 
is formed as a dark red crystalline mass — mixed with a little metallic 
gold and aurous chloride — "when a stream of dry chlorine is passed over 
metallic gold at 200°-“220°. Hydrochioroauric acid, HAuCi4, forms a series 
of complex salts with the alkaline chlorides : NaAiiCl4.2H20, etc. These 
salts are called chloroaurates. The univalent radicle is “ AUCI4.” The 
constitution of complex salts of this kind is discussed later. 

Aurous chloride, AuCL — When auric chloride, free from traces of 
hydrogen chloride, is heated betw^een 170° and 180°, it passes into a 
yeilowish-w^bite powder which is aurous chloride; below this range of 
temperature the action is very slow, and above, the yield is small. The 
admixed auric chloride can be removed by washing the product with 
thoroughly diied ether. Aurous chloride in contact with water decom- 
poses into auric chloride and gold, even at ordinary temperatures ; 
3AuCi — AuClg “h 2Au. If aurous oxide, AU2O, be dissolved in hydro- 
chloric acid, it forms auric chloride and metallic gold. Both the gold 
chlorides are unstable, and decompose when heated above 180° into 
tjlilorine and the metal. Dry chlorine unites readily witli aurous chloride 
at ordinary temperatures, forming auric chloride. Gold is precipitated 
from its solutions of the oliloride by reducing agents of ail kinds — 
stannous chloride, ferrous sulphate, formic, sulphurous, and oxalic 
acid, etc* 
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§ 10 . Tin and Lead Chlorides. ^ ^ ^ ^ ^ ^ 

Stannic chloride, SnCl 4 .— This salt can be made by beating powdered 
tin with an excess of mercuric chloride, 2B[gCIa -[- Sn = 2Hg -j-' SnCl^ ; 
or by the following process : 

Place 60 grams of metallic tin in a flask, and heat it by placing a Bunsen’s 
burner underneath. When the tin is melted, pass a stream of dry chlorine, 
prepared as indicated above, so that the gas plays directly on the metal, Fig. 116. 
When the metal in the flask has all disappeared, add some tinfoil to the liquid 
T-vith the receiver, and close the receiver with a stopper. After standing 12 hours 
so as to allow the dissolved chlorine to react with the tin, distil the product from 
a retort, and reject the first few drops of the distillate. If the later distillate 
be coloured, repeat the treatment with tinfoil, etc., and collect the fraction which 
distils at 11 3"9''\ ' 

Stannic chioride is a fuming colourless liquid which boils at 113 *9'^. 
The liquid was known to A, Libavius in 1605, and was called 
fmrmis Libaviu It unites with water, forming a series of crystallme 
hydrates : SHgO ; dHgO ; and SHgO. The pentahydrate SnC^.dHgO is 
used as a mordant ^ in dyeing under the name “ oxy muriate of tin,” and 

also incorrectly as pink salt. Aqueous solu- 
tions of stannic chioride are not stable 
owing to hydrolysis: SnCi 4 H- 4 H 20 ^ 4 HCl 
-h Sn(OH) 4 . Stannic chloride forms a series 
of complex salts : potassium Gblorostamiate, 
SnCi 4 . 2 K 01 , or KaSnCle, in which the radicle 
“ SnClg ” is bitalent. The con’esponding 
ammonium chlorostannate, (^ 114 ) 2811010 , 
has been much used in dyeing under the 
namepm/c salt. The concentrated aqueous 
solution does not decompose when heated, 
but the dilute solution furnishes metastannic 
acid. Potassium fluostannate, K 
analogous to the chlGrostannate, is obtained 
by the action of hydrofluoric acid on potas^ 
sium stannate. The aqueous sointion is acid, 
and if an equivalent amount of potassium 
hydroxide be added to the solution of the fiuostannate, the liquid 
becomes neutral, and lamellar crj^stals of potassium hydroxy fiuostannate, 
K 2 SnE 5 { 0 H).H 20 , are deposited. 

Stannous chloride, SnClg,' — Dissolve metallic tin in hydrochloric acid, 
and evaporate the solution until monoclinic crystals of the so-called 
tm saltf SnCl 2 . 2 H 20 , separate. This hydrate loses its water and forms 
anhydrous stannous chloride when dried in vacuo. The anhydrous salt 
is also made by heating metallic tin in a stream of hydrogen chioride ; 
and by heating a mixture of metallic tin with mercuric chloride ; HgCl 2 
+ Sn = SnCig ~i“ Hg. The mercury volatilizes and leaves a residue of 
stannous chloride. Stannous chloride is soluble in a small amount of 
water ; the addition of ah excess of water or exposure to the air leads to 
the precipitation of a basic, cldoride : 2 SnCl 2 + 2 H 2 O = SnCls.SnCI.HgO 

: ^ A mordant is^ a substance whioh can be precipitated in the fibre of a fabric 
to be dyed, and which then combines with the dye to form an insoluble compound. 
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-\- 2HCL' : ' The formula of stannous oxychloride is variously represented : 
SnClaSnO.HgO ; Sn20Cl2.H20 ; SnO.HCI; Sn(OH)CL Stannous chloride 
is a powerful reducing agent, and readily combines with oxygen or with 
chlorine.: ' Tims, ierric salts are reduced' to the ferrous state : ^FeCig -f 
SnCla == SnCL ~1-: SEeClg ; mercuric salts are reduced to mercurous salts, 
and finally to mercury. When solutions of stannous chloride are exposed 
to the air, oxygen is absorbed, and stannous oxychloride and stannic 
chloride are formed : OSnC^ -h Og L ^HgO — 4Sn(OH)Cl + 2 SnCl 4 . 
Stannous chloride boils at 606'^. The vapour density of stannic chloride, 
above 900°, corresponds with SnClg -f CI 2 , and at lower temperatures with 
the mixture : SnCL^SnClg H~ Clg. Stannous chloride also comhines with 
iodine, forming SnCi 2 l 2 > and it is used for titrating iodine in volumetric 
■analysis.. 

Lead chloride, PbCl 2 .— This salt separates as a white curdy precipitate 
when hydrochloric acid or a soluble chloride is added to a solution of a 
lead salt. It is also made by dissolving lead oxide or carbonate in hot 
hydrochloric acid. On cooling, the solution deposits crystals of lead 
chloride, PbClg, which melt at 495°. The salt is generally said to he fairly 
soluble in hot water, and sparingly soluble in cold water : 100 grams of 
water at 0° dissolve 0*67 gram of PbCi 2 ; at 50°, 1*70 grams ; and at 100°, 
3*34 grams. When lead chloride is heated in air, lead oxychloride, PbaOClg, 
or PbGl 2 .PbO, is formed. By adding hot limewater to a boiling solution 
of lead chloride, PbClgPbO.HaO, or Pb(OH)Gl, separates. This compound 
is used as a white pigment under the commercial name ‘‘ Pattinson’s white 
lead,” and the pigment “ CasseFs yellow ” is a mixture containing one or 
more oxychlorides of lead, approximately 7PbO + PbCig, made by heating 
lead oxide with ammonium cMoride. 

Leadtretrachloride, PbCl 4 . — This is an unstable chloride formed when 
chlorine is passed through hydrochloric acid in which lead chloride is 
suspended; or when lead dioxide is dissolved in concentra,ted hydro- 
chloric acid. The salt, PbCl4.2NH4Ci, or {NH 4 ) 2 PbCi 6 , is precipitated 
when ammonium chloride is added to the solution. This salt ammonium 
chloropiumbate is said to be isomorphous with ammonium chlorostannate. 
If ammonium chloropiumbate be treated with concentrated sulphuric 
acid in the cold, a yeUow oil, PbCi 4 , is obtained of sp. gr. 3*18 at 0°. The 
tetrachloride is unstable, decomposing : PbCL — PbClg + Gig. Lead 
tetrachloride freezes to a yellow crystalline soM at about 15°, and when 
treated with hydrochloric acid forms yellow crystals of presumably 
hydrochloroplumbic acid, HgPbGL ; and when treated with a little water 
furnishes what is thought to be lead tetrahydroxide, or plumbic acid, 
H 4 Pb 04 . This compound is interesting because it shows that very 
probably lead can be quadri- as weE as bi- valent. 

§ 11. Iron, Aluminium, Chromium, Manganese, Cobalt, and Nickel 

Chlorides. 

Ferric chloride, FeGlg. — The anhydrous chlorides of the metals can 
generally be made by the action of chlorine upon the metals, or by the 
action of chlorine, or the vapours of carbonyl chloride, or carbon tetra- 
chloride upon the metalEc oxides at a low red heat. The first-named 
operation can be conducted in the foEowing manner : 
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A bundle of iron wire is placed in the middle of a hard glass tube A, Fig. 117. 
Connect one end of this tube with an apparatus for generating chlorine and two 
sulphuric acid wash-bottles for drying the gas ; connect the other end of the tube 
with a dry receiver, made from a mde-necked bottle, with a two-holed stopper, and 
one tube leading to the stink closet as indicated in the diagram. Conduct a fairly 
rapid stream of chlorine through the tube, and when all the air has been expelled, 
gently warm the tube with a flame which does not touch the glass. In a" short 
time," the iron and chlorine will react with brilliant sparks. The ferric chloride 
which is formed can be sublimed into the receiver by wauming the neck, etc., with 
a second large flame moving to and fro along the tube. When the iron is all 
converted into ferric chloride, shake the salt into a dry unde -mouthed bottle. 
The bottle must be well-stoppered— stopper S, Fig. 117— because the salt is very 
hygroscopic or deliquescent. 

Ferric chloride forms hexagonal crystals which appear greenish, by 
reflected light, and dark red by transmitted light. By heating the 
anhydrous chloride and bromine in a sealed tube at 100°, dark red crystals 



Fig. 117. — Preparation of Anhydrous Ferric Chloride. 

of hygroscopic /errfc bromochlorichf FeClgBr, are formed. Anhydrous ferric 
chloride dissolves in water with the evolution of much heat. When 
aqueous solutions are evaporated, crystals of FeClg.OHaO are formed as 
the solution cook, but the anhydrous salt cannot be obtained by the 
evaporation of aqueous solutions on account of hydrolysis. The hydrated 
salt can be obtained by dissolving iron, iron carbonate, or iron oxide in 
hydrochloric acid, and oxidizing the solution with a little nitric acid, or 
hydi’Ogen peroxide. Hydrolysis occurs when aqueous solutions of ferric 
chloride are boiled or left standing some time. An insoluble oxychloride, 
or a soluble hydroxide and hydrochloric acid are formed. The two latter 
can be separated by dialysis. 

Diai3rsis. — ^While studying the rate of diffusion of salts through mem- 
branes of parchment paper, Thomas Graham (1861) noticed that certain 
substances diffuse very slowly^ through the parchment. Gelatine and 
glue might be cited in illustration. The membrane is nearly impervious 
to these substances. Graham applied the term colloids — ^from the Greek 
KoXXa (kolla), glue — ^to those suhstahees which diffuse but slowly through 
the parchment. On the Other = hand;, substances like sodium chloride. 
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magnesium siiipiiate pass througii the membrane much more quickly. 
GIrystallme salts are typical of those substances which ditfuse rapidly, 
and hence Graham called them crystalloids. In illustration : 

. . Crystalloids. ■, Colloids. , . 

■ Potassium chloride. Albumen, 

Coue sugar. . Gums, 

Magnesium sulphate. Starch. 

Hydrochloric Rcid, Gelatinous aluminium hydroxide* 

Sodium chloride. Gelatinous ferric hydroxide. 

Barium, chloride. Gelatinous silicic acids. 

It must be added that a great many substances can exist in both the 
colloidal and crystalloid condition, so that it is better to distinguish between 
the colloidal and crystalline conditions of matter rather than between 
” crystalloids ” and “ colloids.” ^ In modern chemistry the term col- 
loid ” comprises much of what was formerly called “ amorphous,” although 
some so-called colloids may after all be crystalline. It must not be 
supposed that the colloids do not pass through the parchment at all 
Graham found that when the time of diffusion of hydrochloric acid—HCl — 
was taken as unity, the rate of diffusion of an equal quantity of sodium 
chloride was 2*3, cane sugar 7, egg albumen 
49, and caramel 98. On account of these 
great differences, Graham proposed a useful 
method of separating colloids from crystalloid 
substances in solution. The crystalloid is re- 
moved by diffusion through a membrane of 
parchment, bladder, or some similar substance. 

The process is called dialysis— from the Greek Bid (dia), through ; hSa) 
(lyo), I loosen. The operation will be understood from the following 
description : 

A piece of parchment or bladder is bound across one end of a glass or gutta- 
percha hoop so as to form a kind of shallow dish, Fig. 118, narrower at the base 
than the open top. A mixed solution of albumen {the white of an egg) and 
potassium chloride in water is poured into the “ dish,’^ This vessel is jplaced 
in another dish B, containing distilled water. The water in the outer vessel is 
renewed every few hours. The dish containing the mixed solution is covered by a 
clock glass to protect it from dust. In about three days, practically all the 
potassium chloride will have passed through the membrane into the outer vessel, 
Tidiile the egg albumen will remain in the inner compartment. The w’hole apparatus 
is called a dialyzer. See also Fig. 329. 

If a few drops of ammonia be added to a solution of ferric chloride, a 
reddish-brown precipitate of ferric hydroxide will be formed. This re- 
dissolves in the unchanged ferric chlonde. When the solution of ferric 
cMoride is saturated with the ferric hydroxide, any further addition of 
ammonia will give a permanent precipitate of ferric hydroxide. Add a 
few di’ops of hydrochloric acid to dissolve the precipitated ferric hydroxide, 
and dilute the solution with water so that it contains about 5 per cent, of 
soM in solution. Pour this solution into the dialyzer, the soluble ferric 
chloride and ammonium chloride pass into , the buter vessel, and a dark 
red liquid, called “ dialyzed iron,” remains in the inner vessel* If dialyzed 

^ Wo. OstwalcI (1911) advocates the term iispersoid system in place of 
colloidal solutioa.” ' ' ' ‘ y 



Fig. 118, — Dialyzer, 
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iron be allowed to stand for some weeks in a glass vessel, it gelatinizes. 
Here, then, we liave two kinds of colloids : colloids are said to be in 

the sol condition ; and gelatinous or peotinous colloids are said to be in 
the gel condition. When the solvent is water, the coUoids are either 
hydrogels (gelatinous) or hydrosols (fluid) ; if alcohol be the solvent, 
aicogels or alcosols, etc. The dialyzed iron is in the hydrosol condition, 

Solutions of the salts of the alkalies and alkaline earths can be readily 
obtained optically empty, but solutions of salts of iron, copper, aluminium, 
chromiiini, etc. , cannot be so prepared. The explanation turned on the 
hydrolysis of the last-named salts whereby colloidal hydroxides are formed, 
tiiat this is responsible for the turbidity. The hydroxides of the all?:alies 
and alkaline earths are not colloidal, and hence if hydrolysis of their salts 
did occur, the liquid would remain optically clear. The hydrolysis of 
these salts is neatly illustrated by B. L. Vanzetti’s experiment : 

A test-tube is filled, approximately three -fourths its height, with a 5-10 per 
cent, solution of gelatin containing faintly alkaline phenolphthalein. When the 
gelatin has solidified, a layer of a 10 per cent, aqueous solution of ferric chloride 
is poured over it. As the salt difiuses into the gelatin two strata appear ; the 
lower stratum is colourless, the upper one opaque ; the decolorized stratum is 
produced by the acid which diffuses into the gelatin faster than the ferric hydroxide 
which makes the opaque stratum. Other coloured salts — e.g, nickel chloride or 
copper sulphite — can be used. 

The result of many investigations on the hydrotysis of ferric salts is 
to show that the products of hydrolysis are not constant in composition. 
The main reaction is probably EeCijj -j- SHgO^SHCl H- Ee(OH )3 where 
the amount of hydi'oxide formed dej^ends on the concentration and 
temperature of the solution ; a secondary reaction EeCls -f Ee(OH) 3 ^ 
EegOg -j- 3HCi is also supposed to occur since the neutralization of the 
hydrochloric acid by ammonia furnishes some ferric oxide EegOs. The 
colloidal hydi’oxide formed is supposed to be a solid solution of 
FeCl3.9'^Fe(OH)3 where n is very large. 

In an earlier chapter, solutions were defined to be “ mixtures which 
appear clear and homogeneous in ordinary daylight, and which camiot 
be separated into their constituent parts by filtration through paper, and 
by decantation.” It is now possible to apj)iy Graham’s dialysis test, and 
subdivide solutions ^ according as the substance in solution difluses 
rapidly — crystalloid solutions; or slowly — colloidal solutions — ^through 
parchment paper. To summarize ; 

Solutions are clear and homogeneous in daylight. 

1. Crystalloid solutions are optically inert, and the dissolved matter diffuses 

rapidly thi’ough parchment. 

2, Colloidal soluHom give an opalescence with TyndalFs test, they usually 

appear heterogeneous under the ultramicroscope, and the substance 
in solution diffuses very slowly through jjarchment, 

(a) Sol, The fluid eoUoidal condition. 

(b) QeL The solid or gelatinous colloidal condition. 

It must be clearly understood that no hard-and-fast line of demarcation can 
be made between mere suspensions, colloidal and crystalloid solutions. Perfect 
definitions are not yet possible. , 

i The criteria ‘‘ homogeneous m daylight ” and ‘‘ speed of diffusion ” are quite 
arbityaiy. The same remark applies to filtration through paper,” because 
colloidal solutions could be separated iiito their constituents if a compact enough 
filtering medium — say, ■ mote, or - less vitreous unglazed earthenware — ^were 
employed. 
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The vapour density chioride.— -Anhydrous ferric chloride 

boils about 280°. At temperatures below 400°, the vapour density corre- 
' spoiids with Ee2 Gle;' above , 

. tiiat.' temperature „ ' ' the 
vapour density diminishes, 

■■until, ,at .about ' 750°, the 
vapour density corre- 
sponds with the molecule 
FeCig ; possibly also some . 
dissociation, 7 

:,Ee2Gi,,^2EeeiH-Cl2, ' 
occurs ; at any rate, free 
chlorine can be detected 5 

in the vapour at 122°- AQO"" 600 "* aoo fOOO^ ^400"* 

123 . The vapour density yia. 119, — Vapour Density of Feme Chloride, 
curve at diSerent tem- 
peratures is indicated in Fig. 119. The effect of ferric chloride on the 
boiling point of ether or alcohol corresponds with the formula FeClg. 

The hydrates of ferric chloride. — ^The curve AE, Fig. 120, represents 
the effect of ad- 
ditions of anhyd- 
rous ferric cMoride 
on the freezing ^ 

point of solutions 
of water. The 
freezing point falls 
rapidly with the 
separation of ice 
from the solution 
until the eutectic 
point B at —55° 
is attained, and 
the solution con- ^ 

tains 2 ‘75 mole- 
cules of FegGig per 
100 molecules of 
the solvent. At 0^ 

the eutectic point, 
the whole solution 
freezes en mmae* 20 
The solid is a mix- 
ture of ice and 
Fe2Ci6.i2H20 
Any further ad- 
dition of ferric 
chloride raises the 

temperature at ^ 5 fO , f5 20 SS fezCl^ 

which solid sepa- pia. 120,— Freezing Points of the Hydrates of Feme Chloride. 

rates - from the , - 

solution, and the solid which separates is thedodekahydrate, Fe2Cl6.12H20, 
alone. The curve BG thus represents the solubility of the dodekahydrate 
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in water. This salt continues to separate until a temperature of 37 ° is 
attained. The solution is then nothing but fused Fe2Cle.l2H20. This 
hyckate melts at 37 °. Any further addition of ferric chloride to the solu- 
tion depresses the temperature at which solid dodekahydrate separates 
until a second eutectic D is reached at 27 ' 4 °. The solution then solidifies 
en masse* The eutectic solid is a mixture of the dodekahydrate and the 
heptahydrate : Ee2Cl0.7H2O. By adding more salt, the temperature of 
solidification is raised ; and the heptahydrate separates from the solution. 
This continues until a temperature of 32 * 5 ° is attained, when the solution 
is virtually fused heptahydrate : Ee2Cl6.7H20. Any further addition of 
ferric chloride dex3resses the temperature at which the hex>taliydrate 
separates until a third eutectic is attained. The eutectic mixture of 
heptahydi-ate and pentahydrate solidify en bloc at 30 °. The remainder 
of the curve can be followed in the same manner until the anhydrous ferric 
chloride is obtained. 

It win be observed that if a solution of ferric chloride be evaporated 
between 30 ° and 40 °, the solution wiU solidify below 37 °, w'hen 
Ee2Cip,.12H20 is formed as more water is driven off ; the mass will iiquefj^ 
when the eutectic D melting at 27 * 4 ° is ]3roduced ; solidification occurs 
when the heptah^^drate FegCls.VHgO melting at 32 * 5 ° is formed ; and the 
solution will liquefy at 30 ° when it has the composition corresponding with 
the eutectic F. The solution will again solidify as the pentahydrate ; 
EeaOlg.fiHgO melting at 56 ° appears. Similar phenomena recur with the 
tetrahydrate, Pe2Ci6.4H20. 

If w'e confine the attention, for a moment, to the curve between the 
points A and 0, it will be apparent that we have the typical curve 
indicated in Fig. 120 , and the same statement applies to the |)ortiions 
CDFf FFQj GHIf and UK* The x)omt G represents a fused solution of 
Fe2Cie.l2H20 ; and the point E a fused solution of FegCie-IHgO. The 
point D corresponds with the eutectic mixture of both the dodeka- and 
the hej)tahydrate. Each maximum point — (7, E^ G, and I — corresponds 
with a definite hydrate ; and each minimum — D, F, //, J — ^\vith the 
eutectic mixture of the two compounds represented by the adjacent 
maxima. The solubility curve of ferric chloride thus reveals the jiresence 
of four stable hydrates, namely FegCi^- I2H2O ; and Fe2€i6.7H20, 
FegClg.SHaO, and Fe2C4.4H20. Ferric chloride absorbs dry ammonia 
forming the hexammine, FeClg.BNH^, wMch becomes the tetrammine, 
FeCl6.4NH3, at 100 °, and decomposes at higher temi)eratures. It 
is hydrolyzed by water forming ammonium chloride and ferric 
hydroxide. 

Ferrous chloride, Fe0l2* — Heat metaUic iron in a stream of dry hydro- 
gen chloride in a similar apparatus to that employed for the preparation 
of ferric chloride, Fig. 117 , White feathery crystals of anhydrous ferrous 
chloride are produced. These are very deliquescent. The" aqueous solu- 
tion of ferrous chloride, dr the salt formed £3^* dissolving iron, or ferrous 
carbonate in hydrochloric acid, deposits pale bluish-green crj'stals of 
Fe0i2.4H20. Ferrous chloride and ammonia gas at room temx^eratures 
form ferrous hexammino chloride, .EeCla^fiNH 3, and at about 300° forms 
the diammine FeCl2.2NlEi^, wMch^.abo’re 350° passes into Iron nitride, . 
FesNg. When heated in , air, jerrous , chloride' forms ferric oxide and 
ferric eifioiide : ISFeCl^ +' SO2 ;== + SFeOJg. Between 1200° and 
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1500° in an atmosphere of hydrogen chloride the vapour density corresponds 
with FeCig, and at lower temperatures possibly with Ee 2 Cl 4 . 

Aluminium chloride, AlClg. — The aqueous solution, made by dissolving 
the metal in hydrochloric acid, deposits crystals of AlCig.OHaO. These 
crystals decompose when heated, forming alumina, etc. : 2 (a 1 .G 13 . 6 H 20 ) 
= 6HG1 d- OHgO + AigOs. The crystalline hydrate cannot be prepared 
by the evaporation of the aqueous solution unless in a stream of hydrogen 
chloride, because of hydrolysis (see magnesium chloride). Anhydrous 
aluminium cliloride is made on a large scale by passing chlorine over a 
mixtm’e of carbon and alumina at a high temperature. The volatile 
product is condensed in a receiver to which no moisture has access. Neither 
the chlorine nor the carbon can alone react with the oxide under the con- 
ditions of the experiment. The joint action of the carbon and chlorine 
is needed for the work : AlgOg ~i~ 30 4 - SCig == 2 AICI 3 + SCO. 

Anhydrous aluminium chloride can also be prepared either by heating 
aluminium turnings in a cuiTent of dry chlorine ; or in a rapid stream of dry 
hydrogen chloride, say, in the apparatus illustrated in Fig. 117. The aluminium 
turnings should be cleaned free from grease by washing with alcohol and ether, 
and finally drying at 1 50°. When all the air has been expelled from the apparatus 
by the stream of hydrogen chloride, heat the bulb containing the aluminium, 
The metal reacts with the gas : 2A1 -f 6HC1 = 2 AICI 3 4 - SHg. The aluminium 
chloride passes into the receiver. It may be necessary to heat the tube leading 
into the receiver from time to time to in’event the blocking of the tube by the 
condensation of aluminium chloride. 

Anhydrous aluminium chloride sublimes without fusion at 183°, 
forming white hexagonal crystals. If heated under pressure, aluminium 
chloride melts before volatilization. The anhydi’ous chloride fumes 
strongly in moist air : AICI 3 -[- SHgO = Ai( 0 H )3 + 3HCL The heat 
of solution of anhydrous chloride is AlgCl^j -f Aq = AiaCleaq + 153*7 Cals., 
and the corresponding value for ferric chloride, FegClg, is -f- 63*4 Cals. 
The vapour density at about 200° corresponds with AigClg, and above 
450° with AlClg — below this temperature the state of the vapour is repre- 
sented by Al 2 Gi 6 ^F=^ 2 AlCl 3 . Aiuminimn chloride forms double salts with 
ammonia, phosphorus pentaehloride, alkaline chlorides, etc. The salt 
AlCIg.SNaCl was used by Deville for the preparation of metallic aluminium. 
An aluminous chloride, AlClg, analogous with ferrous chloride is not knowm. 

Manganous chloride, MnClg. — ^This salt is prepared by dissolving the 
oxide or carbonate in hydrochloric acid, and evaporating the solution. 
Rose-red or pink monochnic crystals of MnCi 2 . 4 H 20 are obtained. The 
anhydrous salt is made by heating the crystals in a stream of hydrogen 
chloride. Manganous chloride forms double salts with the alkaline 
chlorides. The vapour density between 1200° and 1500° corresponds 
with the formula, MnCL. 

Manganic chloride. — A cold solution of manganese dioxide in con- 
centrated hydrochloric acid behaves as if it contained a higher chloride 
than MnCIg, The solution probably contains a large proportion of MnClg ; 
some think MnCI^ is also present. Manganese trichloride, MnClg, is 
made by treating manganese dioxide, suspended in carbon tetrachloride, 
with dry hydrogen chloride. The precipitated solid is a mixture of m,an- 
ganese tri- and tetra-chlorides, w^hich 'is decomposed by water ; but when 
the mass is extracted with anhydrous ether,, and the ether evaporated, 
manganese trichloride remains as a black powder with a greenish tinge. 
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It is immediately hydrolyzed by water. The residue from the ether 
extraction is manganese tetrachloride, MiiCi4, which is soluble in absolute 
alcohol. The aicohohc solution slowly decomposes. The rapid decom- 
position of these chlorides in aqueous solution explains the hypothetical 
character of our statements about the higher chiorides of manganese 
until a solvent was discovered in which they could be dissolved without 
rapid decomposition. The isomorphism of the following pairs of salts : 
MnCl3.2NH4Ci.H2O with EeCl3.2NH4CLH20 ; and of EeCi3.2KClH20 with 
MnCl3.2KCl.H2O, indicates a certain analogy between iron and manganese. 

Chromic chloride, CrClg. — The anhydrous salt and the hydrate 
CrCls.GHaO are prepared by methods similar to those employed for 
aluminium chloride. Free chlorine can be detected in the vapour of 
chromic chloride at 355 "^. A number of different hydrates have been made 
by dissolving chromic hydroxide in hydrochloric acid, or by reducing the 
chromates and dichromates in solutions of hydrochloric acid. The heat 
of solution of the green salt which enters into reversible reaction with the 
violet salt in aqueous solutions is 31*5 Cals., and of the violet salt, 22*2 Cals., 
so that the heat of transformation from the green to the violet salt is 
— 9*3 Cals, The gi’een solutions pass slowly into the violet solutions. 
The speed of the conversion has been measured. The reaction is reversible. 
The violet salt appears to be stable in concentrated solutions, and the 
green salt in dilute solutions. Crystals of the insoluble violet form of 
chromic chloride can be left several days under water without appreciable 
action; hut if the merest trace, say, 0*0002 grm. of chromous chloride be 
present, the temperature of the mixture rises, and the crystals dissolve, 
forming an indigo-blue solution. This is a curious catalytic reaction. 
The change is not due to a difference in the degree of hydration of the 
chromic chloride, or to the formation of a basic salt. Other chromic salts 
exhibit an analogous change. There are three varieties of the hexahydrated 
chloride: monoclinic crystals of a violet colour — ^the ^-sait — made by 
passing hydrogen chloride into a saturated solution of the oxide in hydro- 
chloric acid at a low temperature 8° to 10° ; at a higher temperature, the 
violet solution becomes green, and when saturated with hydrogen chloride, 
it deposits rhombic green crystals — the a-salt. Another green salt — the 
y-salt — is obtained by treating the mother liquid from the violet crystals 
with ether saturated with hydrogen chloride. These three salts are 
remarkable in that when freshly prepared solutions are treated with silver 
nitrate with the a-salt one-third the total chlorine is precipitated as silver 
cMoride ; with the y-salt two-thirds ; and with the violet i^-salt all is 
precipitated. This is symbolized by Werner’s formula to be described 
later : 

[Cr(H20)4Cl2]CL2H20 [Cr(H20)5Ci]Cl2.H20 [CrlHoO) 

Green a-salt Green y-salt Violet ^-salt. 

The violet crystals of the hexahydrate are practically insoluble in water 
unless a trace of chromous chloride, OrClg, or certain other reducing agents, 

be present, . ' \ 

Chromous chloride, GrCla.-^According to Moberg, when eliromio chloride 
is heated in a current of hydrogen until hydrogen chloride ceases to be 
evolved, a white crystalline coihpound, CrCig, is formed. Moissan made 
it by heating chiomic chloride in the vapour of ammonium chloride ; ox 
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the metal in hydrogen chloride. The crystals dissolve in water forming 
a blue solution which rapidly absorbs oxygen and forms the green chromic 
chloride. A solution of chromous chloride is formed by dissolving the 
metal in hot h 3 ’drochloric acid. The green solution is reduced to the bine 
solution of chromous cMoride by the action of zinc. 

Cobaltous chloride, CoCig. — The hydrated salt — CoCl 2 -^^ 2 ^'^ — crys- 
tallizes from solutions of the oxide or carbonate in hydrochloric acid in 
the form of ruby-red monoclinic crystals which are easily soluble in water. 
The crystals at about 100° form the monohydrate, GoClg.HaO ; and at 
about 120°, the anhydrous chloride C 0 CI 2 . The latter is deep blue but 
gives i*eddish solutions when dissolved in water. Cobaltic chloride, CoClg, 
is known in aqueous solution. 

Nickelous chloride, NiC^. — Anhydrous nickel chloride, NiClg, is formed 
in a similar manner to the cobalt salt. The golden-yellow crystals of 
anhydrous salt dissolve slow'ty in water. The aqueous solution deposits 
green monociinic prismatic crystals, NiClg.OHgO, which are inclined to 
effloresce in aii*. Nickelic chloride, NiCls, is not known. 

Questions. 

1. Describe the pi’eparation of chlorine and hydrogen chloride, and contrast 
their properties. What is the relative density of the two substances ? — Aberdeen 
Univ, 

2. Write a short essay on one of the following subjects ; (a) Catalysis and 
catalytic agents ; {&) The chemical woi'k of Priestley and Lavoisier ; (c) The 
determination of the atomic weight of chlorine. — Aberystwyth Univ, 

3. Mention four elements that will liberate hydrogen from hydrochloric acid, 
and write equations of reactions. — Sheffield Scientific School, U.S.A, 

4. State the law of combination of gases by volume and Avogadro’s hypo- 
thesis. From a consideration of the combination of gaseous hydrogen and 
chlorine how can it be shown that the molecule of hydrogen consists of parts ? 
— Univ, N'orth Wales. 

5. What would be the cost of materials in preparing a 20 per cent, solution of 
hydrochloric acid if 1 kilo of sodium chloride costs 2d. , 1 kilo of 90 per cent, 
sulphuric acid costs 3d., and a kilo of Glauber’s salt, NagSO^.lOIIgO, can bo sold 
for IM. per kilo ? — F. liudorffs Grundriss der C hemic. 

6. ~ What kinds of .salts hydrolyze in water ? Give three equations illustrating 
hydrolysis, — Sheffield Scientific School, U.S.A. 

7. What is meant by the dissociation of a gas ? How is dissociation distin- 
guished from ordinary decomposition 1 Discuss the dissociation phenomena 
exhibited by nitrogen peroxide under the influence of heat,^ — Sheffield’ Uiiiv. 

8. Describe the j)reparation of zinc chloride from zinc oxide. Calculate the 
volume of a solution of hydrochloric acid, density 1*1 and containing 20 per cent, 
by weight of acid required to make 50 grams of this salt, — Sheffield Scientific 
School, U.S.A, 

9. Describe fully how you would prepare (a) a solution of hydrogen chloride, 
(6) a solution of chlorine, from common salt. How could it be shown that the 
solution of the acid is free from chlorine ? — Univ. North Wales. 

10. How did Faraday effect the liquefaction of chlorine ? Give a short sketch 
of recent researches upon the liquefaction of gases. — London Univ. 

IL What discoveries are associated with the names of Priestley, Davy, 
Faraday, Graham ? — Aberdeen Univ. 

12. Write the formuise you are accustomed to uise for the chlorides of potassium, 
silver, aluminium, tin, mercury, and iron ; which of these expressions may be 
regarded as representing molecular composition, and upon -what grounds may 
they b© so regarded ? — London Unw. ’ 

13. Plot the specific gravities of solntions of hydrochloric acid of different 

concentration from the following table . ' . 

Grms. HOI per litre. 12 98 152 , 273 , ,303 404 469 

Specific gravity 1*005 T^045 P125 ' 1*135 1*175 1‘200 
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Qhow (a) the weight of HCl in a solution of specific gravity 1*1 80 | and (6) the 
per cent, of hydrochloric acid in a solution of specific gravity 1*200. i 

14. According to the determinations of Stas, KGlGg contains 39*15 per cent, 
of oxygen ; and iOO grams of silver are precipitated hy 69*1 grams of KOI ; 100 
grams of silver form 132*8o grms. of AgCl. From these data calcrilat© the atomic 
weight of chlorine on the assumption that the atomic weight of oxygen is 15*9.-— 
New Zealand Univ, 

15. Write a short account of the phase rule with special reference to its 
application to the fusion, efflorescence, and deliquescence of hydrated salts.— - 
Fanjab Vnit\ 

16. 0*2925 grm. of a specimen of common salt from the Khewrah mines was 
dissolved in water and completely precipitated with a solution of silver nitrate. 
The precipitate after washing and drying was found to weigh 0*7076 grm. What 
was the percentage of sodium chloride in the specimen ? — Pan jah Univ. 
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The Relations of Chlorine — Iodine, Bromine, and 
Fluorine 

§ 1. Bromine* 

Atomic weight, Bi* = 79*02 ; molecular weight, Bi’g " 159*84 ; valency, 
i-, 3-, 5-, 7-valent ; critical temperature, 302*2° ; melting point, — 7*3° ; boiling 
point, 59°, Specific gravity of the liquid at 0°, 3*1883. Vapour densitv j 
(H g ™ 2), 158*85 ; (air = 1), 5*524, 

History.-— While studying the mother liquid %vhich remains after the 
crystallization of salt from the water of the salt marshes of Montpellier, 
A. J. Balard (1826) was attracted by the intense yellow coloration de- 
veloped when chlorine water is added to the liquid. Balard digested the 
yellow liquid with ether ; decanted ojS the supernatant ethereal solution ; 
and treated this with potassium hydroxide. The colour was destroyed. 
The solution was evaporated to dryness. The residue resembled potassium 
chloride, but unlike the chlorides, when heated with manganese dioxide 
and sulphuric acid, it furnished red fumes which condensed to a dark brown 
liquid with an unpleasant smell. ^ Balard called this substance “ m mide,'* 
but afterwards changed the name to “bromine’^ — from the Greek ^pStixos 
(bromos), stench. Balard demonstrated the elementary nature of bromine, 
and showed its relation to iodine and chlorine. 

Occurrence. — Bromine does not occur free in nature. Small quantities 
occur combined in many silver ores ; and it occurs associated with potas- 
sium, sodium, magnesium, or calcium inmany mineral waters, salt springs — 
e.g, the Congress and Excelsior springs of Saratoga, Woodhali Spa, etc, — 
and sea-water. The water of the Atlantic is said to contain 0*007 per 
cent, of magnesium bromide ; the water of the Dead Sea, 9 per cent. ; the 
mineral water of Ohio, from 3*4 to 3*9 per cent, of magnesium bromide. 
The ratio of chlorides to bromides in the marine waters of the globe is 
almost constant, excerpt for the Black and Baltic Seas. It has also been 
estimated that there are about 120000,000000 tons of bromides present in 
the marine -waters of the earth. Bromine is also found in marine animals 

- i J. von Liebig used to relate that some years before Balard’s discovery he 
received, from a salt manufactory in Germany, a vessel containing bromine, or 
at least a product very rich in bromine, with a request to examine it. Believing 
the liquid to bo iodine chloride, he did notsubject the specimen to a very exhaustive 
study. Viieii he heard of the discovery of Balard, Liebig saw his mistake, and 
placed the vessel in a special cabinet for storing mistakes— romofre des JauteB. 
Liebig pointed this out to his friends to show, how earily one could get very dose 
!to a discovery of the first rank and yet fail to, ,gr£ii#p the facts when guided by 
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and plants, in rock salt, etc., human urine, and all cominercial products 
directly or indirectly derived from sea-salt or Stassfurt salts. The saline 
deposits of Stassfurt contain about one per cent, of magnesium bromide. 
From this latter source, the main supply of the bromine in commerce is 
derived. 

Manufacture.-— Perhaps two-thirds of the world’s annual consumption 
of bromine is obtained in Germany from the mother liquid remaining after 
the separation of the potassium salts, p. 270, which contains about 0*25 
per cent, of bromine in the form of magnesium bromide. The hot liquid 
is alicwecl to percolate down a tower packed with earthenware balls ; here 
the descending liquid meets an ascending stream of chlorine gas. The 
magnesium bromide is decomposed: MgBrg + CI 2 === MgGig-l" Brg. The 
bromine vapours leave the top of the tower through an exit pipe, and are 
liquefied in a suitable condenser. In the electrofytie process, the mother 
liquid is electrotyzed. The magnesium bromide can be decomposed by 
the electric current before the magnesium chloride, and if any chlorine were 
formed it would at once decompose the magnesium bromide as just indi- 
cated. It is thus possible and practicable to separate the liberated 
bromine. 

Purification. — The bromine is purified by redistillation. The chlorine 
is removed by distillation from calcium or ferrous bromide, or by collecting 
separately in a receiver the first 1 to 4 per cent, of the distillate in the form 
of a volatile compound or mixture of chlorine and bromine. If anhydrous 
bromine be needed, it must be redistilled off concentrated sulphuric acid. 
If iodine be present, this must be removed by treatment with a coj^per 
salt. Cujorous iodide, Cul, is precipitated. 

Properties. — At ordinary temperatures, bromine is a heavy mobile 
reddish-brown liquid — specific gravity at 0°, 3T883. It freezes to a 
yeiiowish-brown crystalline mass at — 7*3°, and boils in air at 59°. It is 
veiy volatile, and gives ofi a dark reddish-brown vapour at ordinary 
temperatures. Bromine separates in the form of carmine-red needle-like 
crystals, wfiien a solution of bromine in carbon disulphide is cooled to — 90°. 
The solid is almost colourless wdien cooled to — 262°. Bromine has a 
disagreeable irritating smell, and it attacks the eyes as well as the mucous 
membrane of the throat and nose. It is poisonous, and attacks the skin, 
producing troublesome sores. 100 grams of water dissolve 43 grams of 
{)romine at 0°, and 32 grams at 20°. Bromine is also soluble in chloroform, 
carbon disulphide, alcohol, ether, and acetic acid. When bromine water 
is cooled to 0°, it forms bromine hydrate, Bra.lOHgO. Bromine resembles 
chlorine in general chemical properties, but is not quite so energetic. It 
forms bromides analogous with chlorides, and only unites slowly %vith 
hydrogen in sunlight. 

Atomic and molecular weights. — Analyses of silver bromide show that 
the experimental value of the combining weight of bromine is very close to 
79*92 when silver is 107*88. This number, 79*92, also represents the 
atomic "weight of bromine, because it represents the smallest amount of 
bromine in any one of the known volatile compounds of bromine. 

At about 100° the vapour. density is 5*87 (air = 1) ; and at 228°, 5*52. 
This corresponds with the molecule At 1570° the vapour density is 
but tw’o-thirds of its value at 228°, showing that the molecule is probably 
dissociating into atoms . , 
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Uses.— -Bromine is used in metallurgy, photograpiiy, and the chemical 
industries. It is also used as a disinfectant, for which purpose it is sold 
under the name bromum soiidificatum/’ which is kieselgullr— -a siliceous 
earth—- saturated with bromine. Bromine is also used as an oxidizing 
agent., 

§ 2. Hydrogen Bromide — Hydrobromic Acid. 

Molecular weight, HBr =5 80'93. Melting point, — • 87’9°; boiling point, 
— 68-7® ; critical temperature, 91® ; Vapour density (Hg == 2b 80*23 ; (air = I) 
2" 79. One litre of the gas under normal conditions weiglis 3‘ 608 grams ; specific 
gravity of liquid, 1*63 at 10®. 

Hydrogen bromide.— -This gas can be obtained directly from its elements. 
If a stream of hydrogen be bubbled through warm bromme, the hydrogen 
which passes along is highly charged with bromine vapour, and when 
ignited, dense clouds of hydrogen bromide are formed. If a mixture of 



hydrogen and bromine be passed through a red-hot tube containing plati- 
nized asbestos, or a hot platinum spiral, the elements rapidly combine. 
The platinum acts as a* stimulant or catalytic agent. An apparatus for 
this experiment is illustrated in Fig. 121. The hydrogen is dried by pjassage 
through concentrated sulphuric acid in the wash-bottle A ; and bromine 
is placed in the bulb B, When ail the air is expelled from the apparatus, 
the bromine is warmed slightly, and the mixed gases are passed tlirough 
the tube G containing platinized asbestos. Any bromme which escapes 
uncombined is absorbed by red phosphorus, slightly damped, which is 
packed along with glass wool in the tower J) ; here any free bromine forms 
a phosphorus bromide. If the hydrogen bromide is to be absorbed by 
water, the products of the reaction— a mixture of hydrogen and hydrogen 
bromide— are j^assed tlirough an empty wash-bottle and then through 
a similar wash- bottle half filled with water. The empty wash- bottle B is 
reversed so that there is no danger of water passing beyond the bottle if 
back suction occurs. Hydrogen bromide is also formed when some of 
the metallic bromides are reduced, to: metals in a current of hydi’ogen. 
Thus, at a red heat' with silver.' bromide;: ;.,2AgBr-h.H2 '= '2HBr + 2Ag. 
Hydrogen bromide is sometimes made by the -action of bromine on hydro- 
carbons — e.g, naphthalene, CioHs-J t/gHg ; anthracene, 
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etc,— but tli6 gas is then more or less contaminated with organic products. 
Tiie gas is conveniently made by the action of bromine on phosphorus and 
water. 

The following is the method usually employed in the laboratoiy ; Mix, say , 
10 grams of red phosphorus with 80 grams of fine sand, and place the dry mixture 
in a drv distillation fiask. A, Fig. 122. Add about 20 c.c. of water. Close the 
fiask with a rubber stopper fitted with a tap funnel B, and delivery tube as indi- 
cated in Fig. 121. The end of the tap funnel is drawn to a fine point. Connect the 
delivery tube with a tower or a U-tube C7 containing glass wool and slightly damp 
red phosphorus. The gas may be collected by the upward displacement of air, 
or absorbed in water as illustrated in the previous diagram; or collected over, 
mercury, E, In the latter case, a safety funnel may be attached to the delivery 
tube at D, so that variations of pressure inside the apparatus may be rapidly 
adjusted without risk of explosion and back suction of mercury. About 00 grams 
of bromine are placed in the tap funnel, and allowed to fail, drop by drop, on the 
red phosphorus. As each drop of bromine comes in contact with the phosphorus, 

„ a flash of light is 
produced. ' Some 
prefer to keep the 
flask immersed in 
cold water during 
the early stages of 
the reaction, and to 
wrap a towel round 
the flask in case ' of 
an explosion. The 
heat of the reaction 
; volatiiijses ' ..some 
bromine which is 
retained' by; '' .the 
phosphorus in tiie 
■•U-tube. P'W.hen nil 
the bromine has 
, been '..run' .■■■into ;the 
■'"■ fiask, ■'.■^^ a: ""■ further. 

■ cpiantity of hydfO:* . ', 

. ,. geu'x bromide ■ may; 
be obtained by 

gently wwming the fiask. The hydrogen bromide can be dried by means of a 
tube packed with calcium bromide, 

Thechemicalreaetions which, occur during the preparation of hydrogen 
bromide by the action of bromine on phosphorus and water, are probably 
somewhat as follows : Phosphorus tri- and penta-bromide are first formed ; 
these react with the water : PBr^ + BR^O = H3PO3 -j- 3HBr ; and 
PBr4 + AHgO = H3PO4 -j- 6HBr. The whole reaction is usually repre- 
sented on the supposition that phosphorus tri -bromide is formed; 
2P -j- OHgO 4" SBr^ = 2H3PO3 -j- 6HBr. If too little water be present, 
some ciystak of phosphonium bromide— PH^Br— may be formed in the 
fiask owing to the decomposition of the hot phosphorous acid, HoPOo. 
thus : 4H3PO3 = 3H3PO4 + PH3 ; and PH3 + HBr =- PH^Br. 

Hydrobromic acid.-^It is convenient to call the gas “ hydrogen 
bromide,” and aqueous solutions ‘‘ hydrobromic acid.” Hydrobromic 
acid is formed when hydrogen sulphide is passed into bromine covered 
with a layer of water-,; ■ ^ + S. If stdphur dioxide 

foe used in place of hydrogen sulptiide a pale yellow bomogeneous liquid is 
obtained^: SOg -f Br^ + H2SO4. When tMs liquid is : 
distilled in, say, the apparatus depicted in Fig. 123, an aqueous solution 
of hydrogen bromide is obtained. The reaction is reversible sulphuric 



Fig. 122. — Preparation of Hydrogen Bromide. 
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; acid is reduced by hydrogen bromide forming bromine and sulphur dioxide. 

This helps us to understand why hydrogen bromide cannot be satisfac- 
toriiy prepared by the action of sulphuric acid upon potassiuiii bromide 
as in the preparation of hydrogen chloride by the action of sulphuric 
acid upon potassium chloride. When the attempt is made, coloiirless 
hydrogen bromide is first given off, but the issuing gas immediately 
acquires a yellow colour, and then a brown tinge, showing that bromine 
j is also evolved. The issuing gas also contains sulphur dioxide. Hence 

not only does the reaction KBr + H2SO4 = iCHS 04 -h HBr take place, 

, but also the consecutive reaction 2HBr ~|~ H2SO4 = SO2 H- Br^ -j- 2H2O, 

; and the method is accordingly impracticable. If dilute sulphuric acid 

I be employed with the idea of preventing an appreciable decomposition 

; of the hydrogen bromide, the amount of hydrogen bromide obtained is 

\ very smaU. If iDhosphorio acid be used in place of sulphuric acid because 

; phosphoric acid does not de- 

oxidize so readily as sulphuric 
acid, the action — ^KBr H3PO4 

;'| = KH2PO4 + HBr— is rather 

, slow. 

Properties. — Hydrogen bro- 
mide is a colourless gas with a 
strong penetrating smell. It 
; fumes in air. The gas con- 

. denses to a liquid at — 73°; 

and solidifies to a colourless 
solid at — 87°. The gas is 
very soluble in water. A solu- 
I tion saturated at 0° has a 

j specific gravity 1*78, and the 

j hydrogen bromide and water 

I are approximately in the pro- 

i portion HBr : HgO. 100 grams ^ 

P of water at 0° dissolve 221 grams of hydrogen bromide, and 199 grams 

\ at 20°. The acid containing 48 per cent, of hydrogen bromide distils 

unchanged in composition; Aveaker acids lose much Avater until the ^ 

constant boiling acid is obtained, Avhich distils at 126° and 760 mm. 

; pressure; more concentrated acids lose Iwdrogen bromide until the 

' constant boiling acid is obtained. Two crystalline hydrates — HBrJigO 

; and HBr.2H20 — have been made. ;j 

I Dry hydrogen bromide has no action on litmus. Hych’ogen bromide jj 

resembles hyclrogen chloride very closely in chemical properties, but . 'i 

I hydrogen bromide is less energetic. It attacks mercury very sloAvIy, |i 

' forming hydrogen and mercury bromide. The action is not fast enough H 

to interfere wdth the experiment, Fig. 122. Hydrohroniic acid forms j 

bromides in the same Avay that hydroclilorio acid forms chlorides. | 

Hydrogen bromide is more easily decomposed than hydrogen chloride. ; 

’ At 800° decomposition is quite appreciable. The gas is also sliglitly ^ 

> decomposed by exposure to sunlight. The composition of hydrogen I 

bromide has been determined in. a similar, manner to that of hydrogen j 

® ' chloride. ' '■ :■ ; . ,, ■■ ■ , I 
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§ S.' Iodine. . , 

Atomic weight, I “ i26‘92 * molecular weight, Ig = 253*84 ; valency 1-, 3-, 
5-, T^valeat. Melting point, 113®; boiling point, 1 84*35° ; critical temperature, 
653°. Specific gravity of the solid, 4*933. Vapour density, 2o3*84 (Hg = 2), 
and 8*72 (air = I). 

History. — In 1812, B. Conrtois, a manufacturer of saltpetre, near Paris, 
used an aciueous extract of varec or kelp ^ for decomposing the calcium 
nitrate from the nitre beds, as indicated later on. Courtois noticed that 
the copper vats in which the nitrate was decomposed were rapidly corroded 
by the liquid, and he traced the effect to a reaction between the copper and 
an iinlmown substance in the lye obtained by extracting the varec or kelp 
with water. On evaporating the aqueous extract of the kelp, crystals of 
potassium sulphate first separate, then follow crystals of sodium sulphate, 
sodium chloride, and afterwards sodium carbonate. The remaining liquid 
when heated with sulphuric acid in a retort furnished “ a vapour of a 
superb violet colour ” which condensed in the beak of the retort and in the 
receiver in the form of brilliant crystalline plates. Courtois communicated 
his discovery to Clement and Desormes, who published some results of their 
study of tills new substance in 1813. A year later Gay-Lussac published 
an extensive and remarkable memoir on this new substance which -was 
called iodine — from the Greek loeiBrjs (ioeides), violet. Gay-Lussac 
established the elementary nature of iodine, and demonstrated its relation- 
ship to chlorine. About the same time, H. Davy confirmed many of 
Gay-Lussac’s results. 

Occurrence. — Varec or kelp contains from OT to 0*3 per cent, of iodine. 
The kelp derived from deep seas is richer in iodine than that from shallower 
parts. Iodine also occurs in small quantities in sea water ; sea plants ; 
sea animals ; in some land plants and animals ; in codliver oil ; in the 
thyroid gland of animals ; and in many mineral springs. It occurs com- 
bined with silver in some Mexican ores, and in some South American 
lead ores. Most of the iodine of commerce is extracted from the mother 
liquid remaining after the separation of sodium nitrate from caliche in 
Peru, etc. Caliche contains about 0*2 per cent, of iodine, and the mother 
hquid after the extraction of the sodium nitrate, contains 5 to 20 per cent, of 
sodium iodate. 

Manufacture. — ^The mother liquid remaining after the crystallization 
of the sodium nitrate from the aqueous extract of caliche is treated with 
sodium hydrosuiphite, which first reduces the sodium iodate to sodium 
iodide, and finally to free iodine : 2]S[aI03 + SNaHSO 3 = 3NaHS04 
+ 2Na2S04 -h HgO ~\~ Ig. The solid iodine which separates is allowed to 
settle, washed, and pressed into blocks. The impure iodine so obtained 
is sublimed in iron retorts and the vapours condensed in a series of 
earthenware receivers. 

Iodine is extracted from the ash of seaweed by concentrating the 
aqueous extract so as to remove alkaline carbonates, chlorides, and 
sulphates by crystallization. The mother liquid containing the iodides 

During the stormy months of sjpriag/seaweeds are washed 011 to the westej*n 
coasts of Ireland, Scotland, and France. The inhabitants collect tho weed and 
burn it in large heaps at as low a temperature as possible. The ash thus obtained 
IB cailed kelp in Scotland and mrec in Normandy. 
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and some bromides is treated first with sulphurie or hydrochloric acid, and 
then with manganese dioxide. On heating the mixture, iodine is liberated : 
■2NaI + Ci2 — 2NaCl d" Ig. This is condensed in earthenware: receivers 
arranged so that any water distiUed over is condensed and drained off. 
A ton of kelp is said to furnish 10 to 12 lbs, of iodine. 

Purification. — ^Commercial iodine always contains both cliiorine and 
bromine in solid solution. To purify the iodine, dissolve resublimed 
iodine in a concentrated solution of potassium iodide ; and precipitate 
the iodine from the solution by adding an excess of water. Wash and 
dry the solid.. The dry precipitate is then intimately mixed with potas- 
sium iodide and heated in, say, a beaker covered with a glass fiask kept 
cold by a current of water. A crust of the purified iodine condenses on 
the bottom, outside the cooled flask. Pure iodine has also been obtained 
by heating cuprous iodide to about 240° in a current of dry air. 

Properties.— At ordinaiy temperatures, iodine is a dark bluish-black 
crystalline solid. The rhombic crystalline plates have a metallic lustre, 
and a specific gravity of 4*933 at 4°. Solid iodine has a vapour pressure 
of 0*030 mm. at 0°, rising to 3*084 mm. at 55° ; this agrees with the fact 
that iodine vaporizes slowly at ordinary temperatures, and 
it has a slight smell resembling chlorine. It is very 
sparingly soluble in water : 100 o.c. of a saturated solution 
at 25° contain about 0*034 gram of iodine, and is coloured 
a faint brown. The iodine is much more soluble if potas- 
sium iodide be also present. Iodine is fairly soluble in 
many organic solvents — alcohol, ether, acetone, chloroform, 
carbon disulphide, benzene, etc. The colours of the solu- 
tions differ with different solvents ; hydrocarbons, chloro- 
form, and carbon disulphide give violet solutions ; while 
alcohol, water, aqueous solutions of potassium iodide, and 
ether give yellow, red, or brown solutions, according to i(5d^Solu, 

the nature of the solvent and concentration of the solu- tions. 

tion. The violet solutions are usually obtained with 
saturated compounds, while brown solutions are obtained with associated 
liquids having residual valencies — oxygen quadrivalent. This is illus- 
trated by the following experiment : Place a layer of carbon disulphide, A, 
at the bottom of a glass cylinder, Fig. 124 ; on this a layer of water, R, 
and above all, a layer of ether, C, Drop some crystals of iodine into the 
cylinder. The lowest layer will form a violet solution ; water wifi give a 
yellowish-brown solution, and the ether a brown solution. Many of the 
violet-coloured solutions become brown when cooled to low temperatures ; 
and conversely, many brown solutions become violet when heated. It is 
probable that free iodine is present in the violet solutions ; and that the 
brown coloration is due to the formation of a compound of iodine with 
the solvent. In brown solutions of iodine in potassium iodide, for example, 
the iodine is supposed to form an unstable potassium tri-iodide, KI3 — KI 
+ Ig^KIg. This salt has indeed been isolated in the form of dark- 
ooloured needle-shaped crystals. It, is probable that in tliis salt the 
potassium is univalent, and the iodine uni- and tervalent, K — I = Ig. 
In the salts RbICl4, Cslg, etc., the iodine ^appears to be quinquevalent. 
A great number of polyiodides andpolybromidesof the univalent caesium 
and rubidium have been prepared ; they crystallize well, and are more 
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stable than the corresponding ■ potassium salts:: ' ' CsB Csig, 

Bbla, RbBrg, RbI04 Osig, OT4I3, etc. The tendency oiv the alM 
metals to form higher polyiodides increases with incrcasmg atomic weight 
in passing from lithium to ceesium. Tetraiodides of the allvaline earths 
have been reported, Bal4, 8rl4, and Calj. 

Iodine resembles chlorine and bromine in its chemical properties, 
but it is rather less energetic. Chlorine can displace bromine from 
bromides, and both chlorine and bromine can displace iodine from iodides. 
Chlorine can displace bromine from bromates, and iodine can dispiac© 
chlorine from chlorates : 2KCIO3 -j- I2 = 2KIO3 + CI2. Iodine, like 
chlorine and bromine, combines with many elements, forming iodides. 
When phosphorus and iodine are placed in contact, the phosphorus melts 
and inflames, forming either phosphorus triodide, PI3, or phosphorus 
pentaiodide, PI5. Antimony powder inflames spontaneously when it is 
shaken with iodine vapour ; iodine and mercury also combine energetically 
when heated. , ' 

When in contact with starch, iodine forms an intense blue coloration. 
The reaction is delicate enough to reveal the presence of 0*0000001 grm. 
of iodine per c.c. The blue colour disappears whe:Q heated to about 80®, 
but ret aims on cooling. The ‘‘ blued ” starch is supposed to be either a 
solid solution of iodine in the starch, or else an “ addition compound of 
iodine v^ith starch. 

Uses. — Iodine is used in. medicine, the manufacture of dyes and organic 
compounds, in photography, and in analytical chemistry. 

Atomic and molecular weight. — The combining weight of iodine, deter- 
mined from the analysis of silver iodide and other iodine compounds, 
ranges from 126*79 to 126*93, and the best representative value is supposed 
to be 126*92 when oxygen is 16. This is the smallest amount of iodine 
in all known volatile compounds containing iodine, and hence this number 
is taken to be the atomic weight of iodine. This agrees with a two-atom 
molecule, for the vapour density of iodine, at 600®, is 8*7 (air = 1) ; or 
125*9 (H — 1). The lowering of the freezing point and the raising of the 
boiling point of solutions of iodine in carbon disulphide acetic acid and 
chloroform show that the xnolecular weight is nearly 254, corresponding 
with I2. 

When iodine vapour is heated above 700® its density diminishes steadily 
up to about 1700®, when it becomes constant at half its value at the lower 
temperature. Thus the theoretical density for is 8*78, and for I, 4*39. 

Temperature * . . . 480® 860® 1043® 1276® 1390® 1468® 

Vapour density . . , 8*74 , 8*07 7*01 6*82 6*27 6*06 

Dissociation .... 0 8*6 26*0 50*o 66*2 73*1 per cent. 

Without doubt, the iodine molecule, Ig, dissociates into atoms : lo — I 4- I. 
Belated phenomena will be discussed later. 

, § 4. Equilibrium, and the Kinetic Theory of Chemical Action. 

Fly on to clash, together again, and make 
Another and another state of things 

Mejected Addresses, 

When a mixture 01 equal volumes of iodine and hydrogen gases is 
passed through a red-hot tube^j or, bettor, over finely divided platinum, or 
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platinized asbestos, Fig. 121, or charcoal, some hydrogen iodide, HI, is 
formed. If hydrogen iodide gas be treated in a similar way, some iodine 
and hydrogen are produced. In either ease, if the temperature of the tube 
be 440°, we have approximately 80 per cent, of hydrogen iodide, and 20 
per cent, of a mixture of equal volumes of iodine and hydrogen. The only 
apparent . effect of the catalytic agent^ — platinized asbestos, etc.—is 'to 
accelerate the reaction, and if these agents be absent, the time required 
to make 80 per cent, of hydrogen iodide from the mixture of hydrogen 
and Iodine is much longer. Once tliis propoidion of hydrogen iodide has 
been formed, the composition of the exit gases remains unchanged, however 
long the mixture may be heated at 440°, with or without the catatytic 
agents. 

Bimolecular reactions. — We may now extend our previous study of 
opposing reactions. In the bimolecular reaction 

let Cj^ and respectively denote the concentrations of the substances 
A and B, expressed in gram-molecules per litre. Similarly, let Cm and 
respectively denote the concentrations of M and N. We have previously 
found that the speed of the reaction is equal to the product of the ahinity 
or force driving the reaction, and the concentrations of the reacting 
substances, that is, the velocity of the reaction A -f- B is equal to 
If A and B are the same, so that we have 2A ^ M + N, the speed of the 

reaction at amy instant will be represented by When hydrogen 
iodide dissociates, we have 2HI H 2 + l 2 * speed of the reaction 
at any instant will be rej^resented by h(^i ; and the speed of the <- 
reaction by h’GiOj^. When equilibrium occurs, the s]3eeds of these two 
reactions are the same, and therefore we have the condition of equilibrium : 

or f, = K 

At 440°, when the system is in equilibrium, nearly 20 per cent, of the 
hydrogen iodide will have dissociated. Hence 

440 ° 

(80 per cent.) 2HI H 2 + Ig (20 per cent.) 

This means that if 100 molecules of hydrogen iodide be heated to 440° in a 
closed tube, 20 will have dissociated when the system is in equilibrium. 
Hence Chi ” 5 Ot == (7 h = 10. Hence 

This means that at 440°, when the concentration of the hydrogen and 
iodine is unity, these gases will combine 64 times as fast as hydrogen 
iodide of unit concentration will dissociate, p. 1 1 9. It will be observed that 
each of the direct and reverse reactions is a bimolecular reaction because 
t wo molecules are involved in each reaction. 

The kinetic theory of chemical action.— The kinetic theory gives an 
interesting view of chemical action. Imagine a vessel hlled with a mixture 
of equal volumes of iodine and hydrogen gases. The molecules of hydrogen 
and iodine must be continually crashing together. . A certain proparfim of 
these collisions will result in chemical change. . In the earher stages of 




Molecules approach. Molecules collide and react* 

Fia. 125, — Imaginary Representations of the Reaction 
to the Kinetic Theory. 


New molecules separate. 
I 2 + Hg = 2HI according 
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the reactions the number of collisions per second between the hydrogen 
and iodine molecules will be relatively great, but later, as the hydrogen 
iodide accumulates, the number of collisions between the hydrogen and 
iodine molecules will become fewer and fewer, and accordingly, the speed 
of formation of hydrogen iodide will become less and less. Eoliowing a 
plan first used by G. Martin, Fig. *125 may be employed to illustrate a 
chemically fruitful collision between a hydrogen and an iodine molecule. 

Similarly, when two hydrogen iodide molecules crash together, b, certain 
'proportion of the collisions wdli result in a dissociation, so that an iodine 
and a hydrogen molecule will result. At first, the number of collisions 
will be few and far between, but, as hydrogen iodide accumulates in the 
system, the number of collisions between these molecules will increase. 
Finally, when the number of chemically fruitful collisions per second 
between the iodine and hydrogen molecules is equal to the number of 
chemically fruitful collisions between the hydrogen iodide molecules, the 
system will subsequently undergo no perceptible change. Obviously, 
this does not mean that chemical action has ceased. Every time the 


proper molecules collide under the right conditions, hydrogen iodide will 
be formed or dissociated. Both changes proceed with the same velocity, 
and consequently the composition of the gas as a whole does not alter. 
Although it is often said that when two opposing reactions are in equili- 
brium, the system is at a stand-still, the apparent equilibrium is not a 
state of real tranquillity and repose. Equilibrium is dynamic and active, 
not static and passive. It is possible to say that a chemical system is in 
equilibrium only when its composition does not change with the lapse of 
time. 

Dissociation and combination are partial and incomplete. — As the 
temperature rises the average velocity of the molecules of a gas becomes 
greater and greater. Although the average velocity of tlie molecules of a 
gas is constant at any temperature, the velocities of individual molecules 
must vary considerably because of collisions, etc. It is possible that 
collisions between the faster moving molecules of hydrogen iodide, alone, 
result in dissociation : 2HI == Ig -f- H 2 ; and that collisions between the 
slower moving molecules of hydrogen iodide do not produce dissociation ; 
similarly, it may be that collisions between the shiver '^noving. molecules of 
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iiydrogen and iodine alone result in the formation of hydrogen iodide; 
and collisions between the fastest molecules do not lead to chemical action. 
Hence we can see how but a “certain proportion” of the collisions are 
chemically fruitful. This view of the reaction leads to several other 
interesting inferences, but since direct proof of the fundamental li3q3othesis 
is wanting, sufficient has been given to indicate the trend of modern 
thought. 

' The action of stimulants — contact action, — The speed of dissociation 
of hydrogen iodide at 518° is augmented threefold by raising the pressure 
from 0*5 to 2 atmospheres. The tremendous condensation of gases on the 
surfaces of such substances as platinized asbestos, platinum black, char- 
coal, etc., shows that gases near the surfaces of these substances must be 
very very concentrated. E. Mitseherlicli (1843) estimated that gaseous 
carbon dioxide condensed on wood charcoal in layers about 0*005 mm, 
thick, and the gaseous layer is nearly as dense as liquid carbon dioxide. 
Hence it follows that the concentration of the molecules of one or both 
the reacting gases must be very great near the surface of the catalytic 
agent; and, since the temperature is not altered, the average speed of 
motion will be the same ; accordingly, the total number of collisions, and 
the number of chemically fruitful collisions in unit time will be augmented. 
This means that the speeds of formation and dissociation of hydrogen 
iodide will be stimulated in the presence of such substances as platinized 
asbestos, etc. In other words, these substances act as catalytic agents. 

A catalytic agent can alter the speed of a chemical action, but it 
cannot alter the condition of equilibrium. — Although the speed of a 
chemical reaction is modified by the presence of a catalytic agent, the 
final state of equilibrium is not affected. If otherwise, we could allow 
these substances to react alternately with and without the catalytic 
agent ; this would involve a change in the quantity combined, and the 
exiergy thus obtained could be made to do work. This would lead to 
perpetual motion, which is assumed to be impossible, p. 130. This 
deduction has been confirmed enperimentally with hydrogen iodide with 
and without platinum black. 

Unimolecular reactions. — The last example is instructive. The state 
of the system in equilibrium will be represented by I’C'ig ~ h' Cl. If x 
denotes the j)roportion of iodine dissociated, and v the volume of the iodine 
vapour, then, since v volumes of iodine vapour becomes 2v volumes of 
dissociated iodine vapour, it follows that the concentration of the dis- 
sociated iodine will be x/v, and of the undissociated iodine (1 — x)lv. 
Hence for equilibrium 




h 


or = L = 


¥ (1 — x)v 


In every gram- molecule of iodine (I 2 ) at 1043°, 0*25 gram-molecule will 
be dissociated ; hence, x^ == 0*0625 ; 1 — x ~ 0*75 ; and K = 0*0833/?n 
To evaluate remember that one gram-molecule of iodine vapour at 0° 
and 760 mm. occupies 22*3 litres ; and at 1043°, 107*5 litres. This quantity 
of gas contains 0*25 more molecules of iodine because of dissociation, and 
hence its volume is 107*5 + ^ of 107*5 ™ 134*4 litres. Hence K = 0*0833 
134*4 = 0*00062 ; or k : ¥ = 0*00062 : 1 ; or 1 : 1600 (nearly). Other- 
wise expressed, Oig = 1600 Of, that is,-, the atoms of iodine will unite 1600 
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times as fast as the molecules dissociate mder siieh conditions that unit 
concentration of each is present, p* 315. The dissociation of iodine mole- 
eiiies is a. unimolecular reaction because one inolecule is concerned in the 
reaction ; and the formation of the two-atom molecule hy the union of two 
one- atom molecules is a bimoleciiiar reaction because two molecules are 
concerned in the process. 

If all the molecules in a reacting system are alike, why do they not all 
ixndergo change at the same instant ? What regulates the speed of the 
reaction in such a way that only a certain fraction of the total number 
of molecules changes in a given time ? At first sight, it seems that if all 
the inoleeuies are in the same condition— either no chemical action will 
occur, or all the molecules must undergo transformation at the same 
instant. The answer returned by the Idnetic theory is somewhat as 
follows : 

We have just seen that according to the kinetic theory, the average 
velocity of the molecules becomes greater and greater as the temperature 
rises ; and that although the average velocity is constant at any particular 
temperature, the velocities of individual molecules must vary considerably 
because of collisions, etc. The velocities of the faster moving molecules 
may finally become so great that the crash, on collision, displaces the 
atoms from their position of equilibrium in the molecules. Take the case 
of water, HgO. Else of temperature not only accelerates the movements 
of translation of the molecules themselves, but it probably also increases 
the amplitudes and velocities of the cyclic motions of the atoms within the 
molecule. The atomic movements may become so violent that the atoms 
of one or both molecules are thrown out of the sphere of one another’s 
attraction, and it is no longer possible for the hydrogen and oxygen atoms 
in the swifter molecules to remain combined. In other w’ords, the mole- 
cules may bo dissociated. The dissociation of the whole gas is only 
partial, because the faster moving molecules break down first. There is 
a kind of struggle for existence, the slower moving molecules are the fittest 
to survive. It is, however, still possible for the atoms of hydrogen and 
oxygen to unite each to each, forming elementary molecules ; but if a high 
enough temperature be applied, even the combinations become unstable 
and two-atom molecules dissociate into one-atom molecules, for the atoms 
themselves are then free rovers and mutually independent. When the 
one-atom molecules collide, they enter the sphere of one another’s attrac- 
tion, and, if the velocities of the colliding molecules be not too great, the 
atoms may remain in contact reforming a two-atom molecule. As before, 
when the speeds of dissociation and re-combination are equal, the system 
is in equilibrium. 

The relative frequency of uni- and bi-molecular reactions. — Uni- 
and bi-moiecular reactions are very much more frequent than more 
complex reactions involving three or more molecules. The number of 
Unary collisions per second must be very much greater than the number 
of simultaneous collisions between, say, three, molecules. When several 
molecules are involved in a reaction, the reaction must therefore, be (1) 
extremely slow, for they are dependent on the simultaneous juxtaposition 
of the reacting molecules ; or (2), one or more intermediate reactions are 
Involved — one molecule, for instance, may unite with another molecule 
and the pair (intermediate compound) later collides and reacts with a third 
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moleciiie (see consecutive reactions ^’) I (3) the reaction takes place 
in the vicinity of a boundary layer where the reacting molecules form a 
dense laj^er and are comparatively close together (see “contact action,” 
p. 317 ).. " , ' 

§ 5.' The Effect of Temperature on Equilibrium—The, Principle 'of 

Reversibility. 

All iiaturai changes take place in such a way that the existing state of things 
, suffers the least possible change.—P. L. M. .. de Maupeetius .(1747). 

Reactions generally proceed faster at a higher temperature than at 
a lower one, but there are some reactions which are slower at the higher 
temperature; and at still higher temperatures the action is reversed. 
The proportion of hydrogen iodide dissociated decrcus'CrS with rise of 
temperature so long as the temperature does not exceed about 320° ; above 
that critical temperature, the higher the 
temperature, the greater the amount of 
hydrogen iodide dissociated. This is illus- 
trated by the graph, Fig. 126. The thermal 
value of the reaction changes sign at about 
the same critical temperature ; for instance, 
at 18°, the union of hydrogen and iodine is 
an endothermal reaction: Hg+Io— 2HI-~6T 
Cals. ; and at 520°, exothermal : + 12 — 

2HI + 4*4 Cals. Experience shows that a 
rise of temperature ahvays favours endo- 
thermai reactions, and opposes exothermal 
reactions. When a system is in physical or 
chemical equilibrium, a rise of temperature 
promotes the formaiion of those products 
which are formed with an absorption of 
heat ; a rise of temperature resists the formation of those prodticts formed 
with an evolution of heat ; and a change of temperature has no effect on the 
equilibrium of reactions thermally neutral, — ^J. H. vanT Hoff^s equilibrium 
law (1884). 

Some examples of this law have been previously indicated. Tlie law 
is simply a special case of the great principle of reversibility. If an 
exothermal reaction becomes endothermal at a high temperature, we have 
the curious paradox discussed previously : A compound may be stable at 
temperatures exceeding that at which it dissociates. The case of hydro- 
gen iodide is particularly instructive. The change in the thermal value 
of the reaction corresponds with a change in the effect of a rise of tempe- 
rature on the equilibrium. The principle applies to physical equilibria. 
When anhydrous sodium sulphate is dissolved in water, heat is evolved, 
and its solubility is diminished with a rise of temperatures ; hydrated 
sodium sulphate dissolves in water with an absorption of heat, and its 
solubility increases with rise of temperature. The vaporization of water 
is an endothermal reaction, and hence a rise of temperature favours vapori- 
zation, for it increases the eoncenti’ation of the vapour phase. 

The effect of pressure on equilibria.-^The principle is also applicable 
with other forms of energy, Thmi wkeM system is in a state of physical 
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Fig. 126. — Effect of Heat on 
the Dissociation of Hj^'drogen 
Iodide. 
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or chemical eqidlibriwm, an incrmse ol 'pressure famws the system formed 
with a decrease in mlume ; a red^tcUoii of pressure favours the system formed 
with an increase in volume ; and a cJmnge of pressure has no effect on a 
system formed tvUhotU a change in volume — G. Robin’s law (1879). Thus 
hydrogen iodide is formed from hydrogen and iodine without a change 
in volume, and the state of equilibrium is not afiected by variations of 
pressure. When ice melts, the liquid occupies a smaller volume than an 
equivalent amount of ice ; experiment shows that the melting point of 
ice is lowered by pressure in agreement with the law. With sulphur the 
converse is true. The melting point of sulphur is raised by pressure, but 
the liquid phase has a greater specific volume than the solid phase. 

The principle of least action, underlying these rules, is of wide appli- 
cation and of great service. It gives no aiisw’er to the question : What is 
the magnitude of the change ? In consequence, like the phase rule, the 
principle is qualitative, not quantitative. It vii'tually sajrg that natural 
changes take place in such a w^ay that the existing state of things sufiers 
the least possible change ; or, as W. B. Rancroft expressed it, a system 
tends to change so as to minimize the effects of an external disturbance. 
This has been called “ the principle of the opposition of reactions to 
further change,” or, if a system in physical or chemical equilibrium he 
subjected to a stress involving a change of temperature, pressure, concentration, 
etc., the state of the system will automatically tend to alter so as to undo the 
effect of the stress — H. le Chatelier’s law (1888). Eor instance, if the 
temperatux’e of a system in equilibrium be raised a few degrees, the state 
of the system will change so as to induce the formation of that component 
or phase wiiieli absorbs most heat, and accordingly tend to lower the 
temperature. If the reaction be exothermal, the change will proceed 
in the reverse direction; and if the reaction be endothermal, the 

system will change in the same direction. Again, if the pressure of the 
dissociating iodine 

2r-v 

1 vol. 2 vdls. 

be increased, the state of the system will change so that the volume is 
diminished; and conversely, if the pressure be reduced, the state of the 
system wiU change so that the volume is increased, that is, the less the 
pressure the greater the amount of iodine dissociated. In the case of 
solutions, an increase of concentration wiU induce the formation of that 
component or phase which -will ioiver the concentration of the solute 
added ; and an increase of vapour pressure vdll lead to the formation of 
that component or phase wliich wuE reduce the vapour pressure, etc. 

§ 6. Hydrogen Iodide — Hydriodic Acid. 

Molecular weight, HI = 1 27*93. Melting point, — 50*8® ; boiling point, 
— 34*1®; critical temperatm'e, 151®. Vapour density (H^ 2), 127*67; (air 1), 

4*44. Specific gravity of liquid, 2*27 at . 12^ - 

Hydrogen iodide. — ^As in the case of the corresponding bromine com- 
pound, hydrogen iodide can be made by the direct combination of iodine 
and ,hydi*ogen. It can be made by tie action of iodine, on certain organic 
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compomds---colophomum (resin), copaiva. oil, etc. It is also formed by 
the action of hydrogen on silver iodide. As with hydrogen bromide, but. 
not with hydrogen chloride, hydrogen iodide cannot be made satisfactorily 
by the action of sulphuric acid upon the corresponding potassium salt — 
in the present case; potassium iodide. Sulphuric acid^ according to the 
conditions of the experiment, can be reduced by hydrogen iodide to 
sulphur dioxide, free sulphur, and to hydrogen sulphide. In the latter 
case,. H 2 SO 4 + + 4 I 2 4- HgS. The reaction is reversible, ' 

so that by passing hydrogen sulphide into iodine- water, a dilute solution 
of hydrogen iodide can be obtained. Phosphoric acid, in place of sulphuric 
acid, gives very fair results with potassium iodide. Gaseous hydrogen 
iodide is usually made by the decomposition of phosphorus iodide by the 
action of water. This is done by mixing red phosphorus and iodine in a 
dry flask, and gradually adding water from a dropping funnel to the 
products of the reaction. This is a modification of the process employed 
for the preparation of hydrogen bromide, rendered necessary’' because 
bromine is liquid, and iodine solid. Free iodine is removed from the gas 
by passing the hydrogen iodide through a tower packed with red phos- 
phorus and glass-wool. A little phosphonium iodide may be formed in 
the tower. The gas can be dried by passing it through a tube containing 
calcium iodide or phosphorus pentoxide. Hydi’ogen iodide cannot be 
collected over mercury because the mercury is attacked; it is usually 
collected by the upward displacement of air. 

Hydr iodic acid .—The term ‘‘ hydrogen iodide ” is reserved for the gas, 
and hydriodio acid for the aqueous solution. An aqueous solution of 
hydrogen iodide can be made by the following process ; 

Add about 3 grams of powdered iodine to 250 c.c. of water in a 500 c.c. flask 
and pass a stream of hydrogen sulphide slowly into the mixture. In a few minutes 
all the iodine will have dissolved owing to the reaction : H^S + lo == S + 2HI. 
Add more powdered iodine, and continue the passage of the gas.** Kepeat the 
operations until about 20 grams of iodine have been added. Transfer 30 grams 
more iodine— 50 grams in all — to the flask. In about half an hour the iodine 
will all have dissolved in the hydrogen iodide already formed. Continue passing 
hydrogen sulphide until the brown colour of the solution disappears, showing 
that ail the iodine has been transformed into hydrogen iodide. Pass a rapid 
stream of carbon dioxide or hydrogen through the warm solution to drive off the 
hydrogen sulphide. Shake the solution to coagulate the sulphur ; and remove 
the sulphur from the solution by filtration through glass-wool. The solution 
can be further purified by distillation ; collect the fraction which boils between 
125° and 330°. This solution contains about 60 per cent, of hydrogen iodide. 
A more concentrated solution can be made by passing gaseous hydrogen iodide 
into cold water, or, better, into a solution of hydrogen iodide made as just 
described. 

Properties. — ^Hydrogen iodide is a colourless gas which fumes strongly in 
air. It condenses to a colourless liquid at 0° under 4 atmospheres pressure 
This boils at — 34T4®, and freezes to a white solid which melts at —50 ‘8°. 
The gas is very soluble in water : one volume of w'ater at 10° dissolves 
about 425 volumes of hydrogen iodide, : The solution fumes strongly in 
air, and it has acid properties. The aqueous solution, containing 57 per 
cent, of hydrogen iodide, boils at 127° (774, mm.), and distils unchanged 
in composition ; weaker acids become stronger, and stronger acids become 
weaker on boiling until the 57 per cent, abid is obtained, when the solution 
distils unchanged in composition. Hydriodic acid is colourless when 
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freshly prepared, but the solution soon turns brown owing to the oxidation 
of the liytirogen iodide : 4HI + 00 = 2HoO + SIg, and the dissolution 
of the separated iodine. Gaseous hydrogen iodide is also decomposed 
when mixed with hycbogen and exposed to light. The easy reduction 
of hych’ogen iodide : 2HI = Ig + Hg corresponds witii the energetic 
reducing qualities of this acid. It is largely used as a reducing agent in 
organic chemistry. The foiiowdng experiment illustrates this action ; 

When a deflagrating spoon containing boiling potassium chlorate is plunged 
in a jar of hydrogen iodide, clouds of iodine are liberated from wlia-t appears to be 
a large red dame of oxygen burning in hydrogen iodide. Nitric acid vapours 
led from a hot mixture of sulphuric acid and potassium nitrate into a jar of 
hydrogen iodide, burn with a red fiame ; so also does a rapid stream of chlorine. 
A jar of suipliur dioxide held mouth to mouth in a jar of hydrogen iodide give a 
deep red dash, and iodine is deposited on the sides of the jar. 

The composition of hydrogen iodide can be determined as indicated 
for hydrogen bromide. The vapour density is 251*8 (Hg = 2), and the 
formula HI, 

§ 7. Iodides and Bromides, 

Hydriodic acid resembles hydrobromic and hydrochloric acids, and 
forms salts — ^iodides. The chlorides likewise resemble the iodides and 
bromides, and they all can be prepared by similar processes. It is, however, 
worth noting that many of the so-called insoluble iodides precipitated by 
adding a solution of potassium iodide to a solution of a metallic salt, are 
soluble in an excess of a solution of potassium iodide. Most metaiiio 
iodides when heated in air furnish the metal or a metallic oxide and 
liberate free iodine. The iodides are usually less volatile than the corre- 
sponding chlorides and bromides. Many iodides have characteristic colours. 

Potassium iodide, KI. — ^This salt, as w^eii as potassium bromide, HBr, 
and potassium chloride, can be prepared by similar methods, namely, by 
the action of the corres];)onding acids upon the hydroxides or carbonates ; 
by the action of the elements on solutions of the hydroxide followed by 
evaporation to dryness and subsequent ignition to decompose the oxysalts. 
The iodide is prepared by the following process (using bromine in place 
of iodine if the bromide is wanted) : 

Add 25 grams of iodine in small quantities at a time to a mixture of 50 c.c, of 
water with 7 grams of iron-turnings in a flask with constant agitation. Warm the 
mixture until the iodine has formed a yellow solution of ferrous iodide, Tel^, 
Decant oft’ the clear solution and mix it with 6 gi'ams more of iodine in order to 
convert the ferrous salt to ferric iodide. Warm the mixture until all the iodine 
is dissolved and pour it into a boiluig solution of 17 grams of potassium carbonate 
in 50 e.c. of water* The precipitate becomes floeculent after it has been heated 
for some time. Test the clear solution to make sure that it is free from iron, if 
not, add more potassium carbonate to the boiling solution. Eviiporate the clear 
solution for cubic crystals of potassium iodide. 

Potassium iodide and bromide are readily soluble in water, and, like 
the chloride, crystallize in cubes : 100 c.c. of water dissolve 35 grams of 
potassium chloride ; 65, potassmm bromide ; and 144, potassium iodide 
at 20°, Potassmm iodide and brbmxde are used in medicine and ixi 
photography. - /. 

Silver iodide, Agl. — ^This-Wt Is- 'formed by dissolying silver in con- 
centrated hydriodic acid, or by treating silver nitrate with a soluble iodide. 
Silver iodide is a yeUow erystaUine solid ; . it absorbs gaseous ammoniaj 
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foiiiiing/..a:.:compoiind ' 2 AgLEH3^ ■ decomp exposure to air 

into ammonia and silver iodide. Silver bromide, AgBr, is a pale yellow 
solid formed like tlie iodide with, kydrobromic acid, etc. It does not 
absorb gaseous ammonia like the chloride and iodide. Silver bromide is 
decomposed by chlorine, and at 100° by hydrochloric acid. At ordinary 
temperatures, hydrobromic acid converts silver chloride into silver bromide. 
The .reaction is reversible: AgCl +-HBrv=^AgBr + HCT , When either 
silver bromide or silver chloride is treated with hydriodic acid, or potas- 
sium iodide, silver iodide is formed. This is due to the fact that silver 
iodide is far less soluble than the other salts, and consequently separates 
from the sphere of the reaction. The solubilities of these silver salts In 
water and in ammonia are as follows ; 


Tablu XIII. — Solubilities of Silver Salts. 


One litre. 

AgF grms. 

AgCl gi’ms. 

■ 

AgBr grms. j 

1 AgIgTms, 

Water at 20° . . . . , 

1818 

O-OOiO 

0-000084 

0*0000028 

Ammonia, 5 per cent. . 

— 

■ 2-3 ■ 

■0*114 ' 

,.■■■ — 

Ammonia, 10 per cent. . 

■ *" 

. 78-4 ■ . I 

3*67. 

■■ 'i 

0*035 ", 


Silver bromide, iilie silver chloride, is very sensitive to light, and is 
largely used in dr^' -x^iate pliotography. 

Cuprous iodide, Cul. — ^^¥hen aqueous solutions of potassium iodide 
and a copper salt are mixed together, it is possible that cupric iodide, 
Culg, is formed : CUSO4 + 2KI = Culg + KgSO^ ; but the product is 
so unstable that it instantly decomposes into almost colourless cuprous 
iodide and iodine : Culg = Cul -f- 13 followed by 21 = The begin- 
ning and end of the reaction are thus represented : 2CUSO4 + 4KI 
= 2CuI -|- I3 -f 2K2SO4. Tiiis reaction is used in the -determination of 
copper ; and for sej)arating iodine from chlorides and bromides, since the 
two latter salts do not give a oujirous salt under these conditions. 

The case of aurous iodide, AiiI, is interesting. Meyer made it by 
shaking preci])itated gold with a solution of iodine in potassium iodide for 
about 24 hrs. Lemon yellow crystals of aurous iodide are formed which 
decompose quickly on ex|)osure to air: 2AuI ^ 2Au + l^. The sj^-stem 
is univariant. There are two solid phases — gold and aurous iodide — 
and one variable — the pressure of iodine vapour. The vapour pressure 
of iodine must be greater than the dissociation pressure of aurous 
iodide at, say, 25°, or the latter would dissociate under the con- 
ditions of Meyer’s experiment. Hence, when metallic gold is brought 
in contact with iodine, the two unite until the pressure of iodine has 
reached its equilibrium value 0*943 of that of pure iodine ; and con- 
versely, when aurous iodide is confined in. space, it will dissociate until 
the equilibrium pressure of the iodine has been attained. Similar results 
were obtained with solutions of iodine in carbon tetrachloride in •which 
gold and aurous iodide are not soluble. Aurous iodide is precipitated 
when x*otassiuiii iodide is added to an excess, of .auric chloride,' Aurous 
bromide, AuBr,'is made^by heating:'auric;'lbromide. ’’ Its properties are 
simiar to those of' the chloride, '.It: decomposes in a dry atmosphere at 
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ordinary temperatures. Auric bromide, AuBrg, decomposes into aurous 
bromide at ordinary temj)eratures. Hence, the end-reaction 2AuBi' 

== 2Au 4- proceeds by the intermediate formation of auric bromide 
which in turn decomposes into aurous bromide and bromine. 1 

Mercuric iodide, Hglg. — ^When a solution of mercuric chloride, HgClg, 
is treated ^^dth a solution of potassium iodide, a yellow precipitate is 
obtained which changes in a few seconds to a scarlet colour. The scarlet 
iodide is also made by rubbing 2 parts of mercury with 2*54 pai*ts of 
iodine wetted %nth alcohol in a mortar. Mercuric iodide is but sparingly 
soluble in water, but it is fairly soluble in alcohol and in nitric acid. It 
readily dissolves *in an excess of mercuric salt, and in an excess of potas- 
sium iodide. A solution of mercuric iodide in potassium iodide, made 
alkaline with potassium or sodium hydroxide, is called Nessler's solution. 

Nessler’s reagent is considered to be a solution of the complex potassium 
mercuric iodide, K^Hgl^. It gives a yellow or brown coloration in the I 

presence of ammonia, due to the formation of oxydimercuric ammonium 
iodide, NHaHggOI, The intensity of the colour depends on the amount 
of ammonia present. This coloration is a delicate test for ammoni'a. 

Mercuric iodide is dimorphous. If the red tetragonal crystals be heated 
above 126°, they change into yellow rhombic crystals, which reform the 
original red iodide on cooling. If the yellow iodide persists at ordinary 
temperatures, it rapidly changes to the scarlet iodide when rubbed with a 
glass rod. 

126 ® 223 ° 

red ~ yellow ” liquid 

Mercuric iodide melts at 223° to a red liquid, and a part sublimes, forming 
yellow rhombic needles. Mercurous iodide, Hgl, is formed when mercuric 
iodide or iodine is rubbed up with the right proportion of mercury in the 
presence of a little alcohol. It is also formed ■when a soluble mercurous 
salt, say, mercurous nitrate, is mixed with a solution of potassium iodide. 

It is a greenish yellow coloured powder slightly soluble in water. The 
solution decomposes on standing, particularly if heated, forming mercury i 

and mercuric iodide. The two iodides crystallize in the same system 
and the crystal angles are nearly the same ; hence, they satisfy one test 
of isomori)liism, but not the other tests. 

§ 8. Calcium Fluoride. 

Calcium iiuoride, fluorspar, or fluorite occurs in veins very frequently 
associated with lead ores, and sometimes by itself. In the limestone 
caves of the Matlock district, Derbyshire, veins of fine ciystals of this 
mineral are exposed. In Derbyshire the mineral is called blue John ” 
or “ Derbyshire spar.’’ Fluorspar also occurs in many other districts. 

The crystals belong to the cubic system, and the mineral occurs in cubes, ^ 

octahedi’a, and related forms. The crystals may be colourless, or tinted 
red, brown, yellow, green, blue, or violet by traces of contaminating 
metallic oxides, etc. Some of the crystals are very pleasing,, and such 
are used for ornamental purposes, jewellery, etc. The crystals are fluore- 
scent. The fluorescence takes the , form of a deep blue light when, say, 
pux'ple fluorspar is exposed to light, k good illustration of fluorescence 
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is furnislied by a solution of fluorescein in very dilute ammonia. 

This solution is pale orange ill transmitted light, but by reflected light 
it glows with a faint green fluorescence ; a colourless solution of quinine 
sulphate has a blue fluorescence, and uranium glass a green fluorescence. 
It is supposed that the fluorescence is produced by the absorption of 
light radiations which set the atoms or molecules vibrating with a period 
of vibration different from that of the incident rays, and the rays emitted 
by the vibrating particles accordingly have a different period from that 
of the incident rays. In other words, the body absorbs rays of one wave- 
length and transmutes them into rays of a different wave-length. This is 
illustrated by holding a beaker of a solution of quinine sulphate in the 
ultra-violet invisible spectrum when the solution glows with a blue fluore- 
scenee. A more vivid effect is obtained by exposing a piece of cardboard 
smeared with barium cyanoplatinate to ultra-violet invisible light. No 
effect is observed in ultra-red light. 

Small fragments of fluorspar crystals become luminous cr fluorescent 
with a greenish or orange light when warmed on a hot plate — thermo- 
luminescence ; or if the crystals be ground in a mortar and pestle — 
Triholurninescence — eddies of light follow the track of the pestle. It 
has been proposed to mix this mineral with the carbon used for arc lighting 
so as to increase the luminosity of the arc light and decrease current 
consumption. When heated to about 902'^, fluorspar melts to an opaque 
greyish-white enamel. This property of fluorspar was mentioned by 
G. A. Agricola in 1529, and he called the mineral '' fluor lapis,” literally 
“ fluxing stone ” — from the Latin fluere, to flow. The German miners 
apply the term spath ” to all transparent or translucent minerals with 
a well-marked cleavage, hence the German term for this mineral — 
‘‘ Flussspath.” Fluorspar is used as a flux in metallurgy ; and in the 
manufacture of glass, enamels, and glazes. 

No gas is evolved when fluorspar is melted, but if fluorspar be strongly 
heated in an oxidizing flame, on charcoal, a pungent acrid smell, resembling 
hydrogen chloride, can be detected by bringing the nose near to the char- 
coal. The fumes redden blue litmus, and if the residue foe moistened with 
watei' and tested with red litmus, the paper will turn blue. When fluor- 
spar is mixed witli sulphuric acid in a test-tube, no perceptible action 
occurs, but if the mixture be heated, a gas is given off and the glass is 
strongly corroded, showing that the gas developed by the action of hot 
sulphuric acid on fluorspar decomposes glass. The gas also attacks porce- 
lain, zinc, copper, silver, etc., but it does not act very markedly upon lead, 
gold, platinum, wax, paraffin, and rubber. The three latter will not 
stand heating, and consequently the further investigation of this gas — 
the spirit of fluorspar — hydrogen fluoride, must be conducted in lead, 
gold, or'platinum vessels, 

§ 9, Hydrogen Fluoride — Hydrofluoric Acid, 

Molecular weight (over 90®), HF 2'0*01, Melting point, —92*3®; boiling 
point, vSpocific: gravity of the . liquid at 12*8®, 0*988, Vapour density 

(Hg 2) over 90°, 20*58. 

Manufacture of hydrofluoric acid, — An, aqueous solution of hydro- 
fluoric acid is manufactured in the foflowing manner : The best quality 
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of powdered fluorspar, free from silica, is gently heated to about 130^ 
with concentrated sulphuric acid — containing 10 per cent, of water — ^in 
a cast-iron pot wuth a cast-iron coyer dipping into an annular trough, 
and sealed with concentrated sulphuric acid. The reaction is repre- 
sented : CaF^ -h H.2SO4 = CaSO^ + 2HF. Some calcium jlMosul^phonMte, 
Ca(FS03).,, is foiuKUn the retort. The cast-iron retorts are provided with 
a series’ of leaden boxes as condensers. These contain w^ater or dilute 
hydrofluoric acid to absorb the gas from the retorts. The condensers 
are submerged in water to keep them cool, and the acid so obtained is 
collected in leaden bottles. Up to 80 per cent, of the theoretical yield 
can be obtained; with a more concentrated acid the yield is less; with 
sulpliurio acid containing about 50 per cent, of sulphur trioxide, jluosuh 
phonic add, HFSO3, distils over ; and with sulphuric acid containirig 60 
per cent, of sulphur trioxide, almost pure fluosuiphonic acid is formed. 
Hydrofluoric acid is placed on the market in leaden, guttapercha, or “wax 
(cerasine) bottles. 

Hydrogen fluoride. — If potassium carbonate be neutralized with hydro- 
fluoric acid, and then evaporated to dryness, potassium fluoride separates 
in cubic crystals readity soluble in water. If the potassium fluoride be 
dissolved in hydrofluoric acid and evaporated, crystals of the double salt 
potassium hydrogen fiuoride—KF.HF— are obtained. This double salt 
is also called “ acid potassium fluoride,’’ ■■ potassium bifluoride,” and also 
Fremy’s salt. If this salt be dried by fusion in a platinum retoii), and the 
platinum retort be then connected with a long platinum tube and platinum 
bottle immersed in a freezing mixture, the double fluoride decomposes 
when heated to redness : KHFg == KF -f- HF, and the anhydrous hydrogen 
fluoride is condensed to a liquid. Anhydrous hydrogen fluoride can also be 
prepared by passing dry hydrogen over dry silver fluoride, and cooling the 
products of the reaction so as to condense the hydrogen fluoride to a 
diquid. . ■ ■ ■ ■ ■ 

Properties, — ^Aniiydrous hydrogen fluoride is a hmpid liquid which 
fumes strongly in air. It is very poisonous and dangerous to manipulate. 
It forms ulcerated sores if a drop comes in contact with the skin. P, 
Loiiyet, about 1850, and J, Nickles, of Nancy, died in 1869 from accidentally 
breathing the vapour of‘»this acid while trying to isolate fluorine. The 
metals potassium and sodium dissolve in the pure acid, forming the 
corresponding fluorides and hydrogen. The liquid acid boils at 10 *5'^, 
and freezes at —102*5^. The crystals melt at —92*3^. Hydrogen fluoride 
is very soluble in water, forming a corrosive liquid which readily dissolves 
many metals with evolution of hydrogen : Fe + 2HF = FeFg 4- H2. 
Silver and copper also dissolve in the acid. If the acid be more concen- 
trated than about 43 per cent. HF, it will become weaker on boiling ; 
and if more dilute, the acid becomes stronger on boiling imtil an acid 
containing about 43 per cent, of HF, boiling at IIP (750 mm.), is formed. 
This distils unchanged in composition. 

Etching glass.— Silicon burns in hydrogen fluoride, forming a mixture 
of gases, silicon fluoride SiF^, and hydrogen. Hydrogen fluoride, unless 
thoroughly dried, attacks quartz and siliceous substances, glass, etc., also 
forming silicon fluoride : SiOg 4- 4HF = SiF^ 4- 2HgO." Hydrofluoric 
acid is used in the analysis of silicates. When most silicates are repeatedly 
evaporated with hydrofluoric and; sulphuric acids, all the silica is volatilized 
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as silicon fluoride, etc., and the residue of sulphates can be examined by 
the standard methods. One of the most important properties of hydro- 
fluoric acid is its etching action on glass. Glass may be etched ^vith the 
W gas or with an aqueous solution of the gas. In the former ease, the etching 

appears opaque and dull ; in the latter case, shining and transparent. For 
etching, the glass is covered with a film of wax, and the design to be 
etched on the glass is drawn on the waxed surface with a stylus ; or else 
the parts of the glass' not to be etched' are coated with a' resistant varnish. 
The surface is exposed to the action of the acid or gas, and very soon the 
glass is etched. The wax or varnish is then w-ashed off with turpentine. 
The corrosive action of the hydrogen fiuoride is due to the feady decom- 
position of the glass in contact with hydrogen fiuoride. The silica forms 
I silicon fiuoride. The process is used for marking the scales on glass 

I , instruments. ' 


p Etching tests for fluorides. — In testing for fluorides, the substance 

under examination is warmed with sulphuric acid in a leaden vessel covered 
with a watch-glass. The watch-glass is coated W'ith %vax, and a design 0 : 

is scratched on the wax wdth a pin or knife, so as to expose the glass to the 
action of the acid. The w^ax is afterwards removed, and if the design is j 

etched on the glass, fluorides were present. ] 

Composition of hydrogen fluoride. — G. Gore (1870) measured the I 

volume of hydrogen required to form hydrogen fiuoride when heated 'with 
silver fluoride. He found that 100 volumes of in’drogen furnished nearl^r 
200 volumes of hydrogen fiuoride. The deviations from the ideal volume 
relations just indicated w^ere attributed by Gore to the "'partial con- 
densation of the hydrogen fluoride to the licxuid state.” Representing f 

the reaction by: Ha -f- 2AgF'== 2HF -j- 2Ag, he accordingly inferred 
that hydrogen fluoride contains half its own volume of hydrogen, : > 

and half its owm volume of fluorine. The formula is therefore H„Fn* ‘ ! 

The vapour density at 100° corresponds wdth the molecule HF ; the 1, 

vapour density at iow^er temperatures than 80° show^s that the molecule . i 

^ polymerizes. , ■ ' , . i j: 

I Vapour density. — The vapour density of hydrogen fiuoride at 21*4° ; 

(H3 ~~ 2) is 51*18 (or 1*773, air ==: 1) ; and it diminishes rapidly as the 
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temperature rises, until, at 90°, it is , 20*58. 

This is illustrated by the graph, Fig. 127. ? 

The lower number corresponds wdth a mole- ^ 
cLilar w-eiglit HF. Hence, at 90°, hydrogen 
fluoride contains tw^o atoms. At lower | 
temperatures the molecule polymerizes to ^ 

There is, how*ever, nothing to show |- 
W' hat the moleculos are. They may be partly 
HF, partly H^t 2> H3l‘* 3, etc. The facts only Temper^Ture 

permit tlie statement that below 90° gaseous 127. Vapour Density of 

hydrogen fiuoride is a mixture of molecules Hydrogen Fluoride. 

H,jjF„„ H A, . . • wdiere the values , of m, 

n,. . . are unknown. Similar results are obtained by lowering the. 
pressure, keeping the temperature • cphstahtii' " at, say, 32°. 'The effect, 
of hydrogen fluoride on the freezing point, of water corresponds with 
the molecule HgFo. If sodium fluoride has the formula HagF^, the acid 
is dibasic. ' ‘ ■■ . y-- 
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Fluorides. — The fluorides are made by the action of hydrofluoric acid 
on the metalsy metallic oxides, hydroxides, carbonates, etc. Most of the 
fluorides are soluble in water. Silver fluoride, AgF, for instance, dissolves 
in about half its weight of water, and in this respect differs from the 
corresponding chloride, bromide, and iodide. The solution of silver 
fluoride in water is alkaline to litmus ; and hydrates AgF.HgO, AgF.2H20, 
and AgF.^jBgO separate as crystals when the solution is concentrated 
respectively at 30°, 20°, and 10°. Each hydrate dried m vmm over sul- 
phuric ackl gives the anhydrous salt. Silver subfluoride, Ag^F, is said to 
be formed by the action of a supersaturated aqueous solution of the 
fluoride on silver. Some consider the alleged silver subfluoride to be a 
mixture of silver, silver fluoride, and silver oxide. The fluorides of the 
alkaline earths — calcium, barium, and strontium-— are very sparingly 
soluble, so also is yttrium fluoride. The fluorides also usually unite v'ith 
hydi’ogeii fluoride, forming the so-called add fluorides, e.g. potassium 
hydrogen fluoride previously described. The graphic formula may be 
K — ^F— F— -H, or E — F = F— H. Similarly, the fluorides also unite 
with one another, forming double salts, e.g. the double fluoride of aluminium 
and sodium, AlFs-SNaF or cryolite. The graphic formula for cryolite has 
been written : 

Ka~F— F— and also Na— F = F— Al<^ ^ ^^§1 

where fluorine is supposed to be either bi- or ter- valent. This curious 
property of fluorine is also illustrated by the polymerization of hydrogen 
fluoride at ordinary temperatures. In the topazes, fluorine and hydroxyl 
appear to be isomorphous for the relative proportion F ; OH in these 
minerals varies very much ; 

F— Al<Q>Si<Q>Al— F ; or 0 = Si<Q>Al— Al<y 

the fluorine may be replaced by OH. Several other formulee have been 
proposed. 

Aluminium fluoride, AlFg. — ^Tlie anhydrous fluoride is made by the 
action of gaseous hydrogen chloride upon a mixture of calcium fluoride 
and alumina heated white hot in a graphite tube. The aluminium fluoride 
volatilizes, and calcium chloride remains behind ; SCaFg -f- AlgOg 6HCI 
= 3HoO + SCaClg -]- 2AIF3. It is also made by the action of silicon 
fluoride, SiF4, upon alumina. The crystalline hydrate, 2AIF3.7H20, is 
made by dissolving alumina or the metal in aqueous hydrofluoric acid. 
As indicated above, aluminium fluoride combines with alkaline fluorides, 
forming double salts. Thus, sodium aluminium fluoride, AlFg.SNaF, 
is made by digesting aluminium hydi’oxide, AI(OH)3, with sodium fluoride. 
The salt occurs native in South Greenland as a white, glassy, crystalline 
solid which resembles clouded ice in appearance, hence the name cryolite, 
literally ice stone from the Greek Kpvos (kryos), ice ; XlBos (lithos), 
stone. Cryolite melts at about 977°, and it is used as a flux. It is also 
used in the manufacture of alum and aluminium salts, sodium salts, 
hydi'ofluoric acid, and the fluorides. „ Cryolite is not now used as a source 
of aluminium metal. 
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§ 10. Fluorine. 

Atomic weight, F=:19; molecular weight, Fgrr 38 J uni- or tri-vaient. 
Melting point, -223^; boiling point, -187°; vapour density (Hi; = 2), 37-7; 

air = 1) 1*31 ; specific gravity of liquid, 0*988 at 12’8°. 

Occurrence. — Fluorine does not occur free in nature. Tliere is, how- 
ever, a case recorded by H. Moissan where free fluorine occurs as an in- 
clusion in crystals of fluorspar from Quincie. The compounds of fluorine 
are widely distributed, though not abundantly, in such minerals as cryolite, 
fluorspar, etc. Small quantities occur in some of the micas, topaz, tour- 
maline, etc. It is also said to occur in all rocks, thermal waters, and 
vapours coming from beneath the earth’s crust. Traces occur in sea- 
water, some mineral springs, bones, teeth, blood, milk, plants, etc. The 
brain of man has about 3 mgimis., and some physiologists believe that the 
presence of fluorine is necessary in some subtle in order that the 
animal organism can assimilate phosphorus. 

History. — The fact that glass is attacked when exposed to the fumes 
produced when fluorspar is warmed with sulphuric acid was known to 
Schwanlchard in 1670, and in 1771 K. W. Scheele stated that fluorspar is 
the calcium salt of a peculiar acid acid. He prepared this 

acid by heating fluorspar with sulphuric acid in a tin retort. J. L. Gay- 
Lussac and J. Thenard (1807) prepared anhydrous hydrogen fluoride, 
and, following Lavoisier’s school, considered fluoric acid to be a com- 
pound of water with the oxide of a new element— “ fluorium.” In 1810 
A. Ampere wote to H, Davy suggesting “ many ingenious and original 
arguments ” in favour of the analogy between hydrochloric and hydi’o- 
fluoric acids. Ampere concluded that hydrofluoric acid contained no 
oxygen. The close analogies between calcium iodide, bromide, cliloride, 
and fluoride suggested to A. Ampdre that fluorspar is a compound of 
calcium with an unknown element belonging to the same family as chlorine, 
bromine, and iodine. Ampere’s ideas about hydrofluoric acid were 
established by H. Davy’s experimental work, 1813, and the unknown ele- 
ment was named “ fluorine ” by analogy with chlorine. No one doubted 
the existence of fluorine, although it successfully withstood every attempted 
method of isolation, and for over seventy years had never been seen or 
handled. Fluorine appeared to be so veiy powerful that no vessel seemed 
to be capable of resisting its chemical action ; and it was compared with 
the alkahest or the universal solvent of alchemy. The brothers Knox 
sagaciously tried to get fluorine by treating silver or mercury fluoride, in a 
vessel made of fluorspar itseK. Among the many unsuccessful attempts that 
have been made to isolate this element there are the electrolysis of hydro- 
fluoric acid (H. Davy) ; electrolysis of fused potassium fluoride (E. Fremy, 
1856) ; the action of chlorine on silver fluoride (H. Davy), and on mercuric 
fluoride in fluorspar vessels (G. J. and T. Knox, 1836) ; heating iodine 
with sliver fluoride (H. Kammerer, 1862 ) ; heating silver fluoride (H. Davy); 
the electrolysis of liquid fused silver fluoride (G. Gore, 1869) ; heating 
the unstable uranium fluoride, UF 5 , in oxygen (H. B. Dixon ) ; the action 
of oxygen on fused calcium fluoride (E. Fremy, 1856); heating lead 
fluoride, PbF 4 , and also cerium fluoride; CeF 4 (B. Brauner, 1881); etc. 
About 1884 H. Moissan unsuccessfully tried to isolate it by sparking the 
gaseous fluorides of arsenic, phosphorus,, boron, silicon; by the action 




3, 12S. — ^Tube for the Elee- EiG. 129. — ^IMoissan’s Process for 

►lysis of Hydrofluoric Acid. Pluorine. 

reforming potassium fluoride and liberating hydrogen : 2K + 2HF 2KF 
+ Ha* 

The electrolysis was first conducted in a U-tube made from an alloy of 
platinum and iridium which is leas attacked by fiuorine than platinum 
alone. Later experiments showed that a tube of copper could be employed. 
The copper is attacked by the fiuorine, forming a surface crust of copper 
fluoride which protects the tube from further action. Electrodes of the 
platinum indium alloy are used. A tube is illustrated in Fig. 128. The 
open ends of the tube are closed with fluorspar stoppers ground to fit the 
tubes and bored with holes which grip the electrodes. The joints are 
made air-tight with lead washers and shellac. The U-tube, during the 
electrolysis, is surrounded with a glass cylinder B, into which liquid methyl 
chloride is passed from a steel cylinder md the tube A, Fig. 129. Liquid 
methyl chloride boils at — 23"'> and it escapes through an exit tube. The 
fluorine is passed through a spiral, platinum tube also placed in a bath of 
evaporating liquid methyl chloride, (7. This cools the spiral tube- down 
to^ about —50'^, and condenses gaseous hydrogen fluoride, which escapes 
with the fluorine from the U-tqba. : The fluorine then travels through two 


330 MODERN INOBOANIC CHEMISTRY 


of incandescent platinum on the fluorides of jjhosphoriis and silicon ; 
and the electrolysis of arsenic trifluoride. The feat was accomplished in 
1886, w'hen H. Moissan isolated the gas by the electrolysis of a solution of 
potassium fluoride in liquid hydrogen fluoride, and thus solved wliat 
H. E. Rioscoe called, ‘‘ one of the most difficult problems in modern 
chemivstry.’’ 

Preparation. — ^When an electric current is passed through a concen- 
trated solution of hydrogen chloride, chlorine is liberated at the anode, 
and hydrogen at the cathode. When aqueous hydrofluoric acid is treated 
ill tlie same way, water alone is decomposed, for oxygen is liberated at the 
anode, and hydrogen at the cathode. The anhydrous acid does not conduct 
electricity, and it cannot therefore be electrolyzed. Moissan found that 
if potassium fluoride be dissolved in the liquid hydrogen fluoride, the solu- 
tion conducts electricity, and when electrolyzed, hydrogen is evolved at 
the cathode, and fiuorine at the anode. The primary products of the 
electrolysis are fluorine at the anode, potassium at the cathode ; 2 KHF 2 
= 2HF + 2K + Fg. The potassium reacts with the hydrogen fluoride 
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platinum tubes, B and E, containing lumps of sodium fluoride, ivbicli 
remove the least traces of hydrogen fluoride, A glass cylinder is placed 
outside each of the two cylinders containing methyl chloride. The outer 
cylinders contain a few lumps of calcium chloride, so as to dry tiie air in 
the vicinity of the cold jacket, and prevent the deposition of frost on the 
cylinders. 

Properties. — Fluorine is a light canary-yellow gas which condenses 
to a clear yellow liquid boiling at —187° ; and freezes to a pale yellow 
solid melting at —233° ; at —252° the solid is colourless. Fluorine is 
probably the most active element known. It combines with hydrogen 
with explosion, even in the dark, and at low^ temperatures, sa\% —210°. 
It decomposes water, forming hydrogen fluoride, and liberates ox\^gen 
highly charged with ozone. Sulphur, selenium, and teliuriuni melt and 
take fire in the gas, forming a mixture of fluorides. Iodine, bromine, 
phosphorus, arsenic, and antimony combine with the gas with incandes- 
cence ; so do crystalline silicon, amorphous boron, powdered charcoal. 
All metals are acted upon by the gas ; some take fire spontaneously — 
e.g* the metals of the alkalies and ailialine earths ; others — e,g. mag- 
nesium, aluminium, nickel, and silver — require w^arming to start the 
reaction ; others again require heating to, say, 300°, e.g. gold and platinum. 
Fluorine also liberates chlorine from sodium chloride and from carbon 
tetrachloride, CCi^. Liquid fluorine has no action on silicon, phosphorus, 
sulphur, and glass. Fluorine is one of the fe’vv elements w*hich is not knowm 
to form an oxide. It does not react with nitrogen, oxygen, or chlorine, 
even at the temperature of the electric arc or induction discharge. 
Palladium and iridum are attacked at about 500°, and rhodium scarcely 
at all. Glass is attacked by hydrofluoric acid at ordinary temperatmes ; 
but fluorine attacks glass so slowdy that the gas can be preserved in sealed 
glass tubes for some time. 

Ho compound of fluorine with cMorine is knowm. Bromine forms 
bromine trifluoride, BrFg ; and iodine forms iodine pentafluonde, IFg. 
Chlorine can unite with iodine, but there is no reliable evidence of the 
existence of compounds of bromine with chlorine. The known comjjounds 
of iodine with chlorine are : iodine monochloride, ICi ; and iodine tri- 
chloride, ICI3 ; and with bromine : iodine monobromide, IBr. Higher 
iodine bromides have been reported, but their existence has not been 
clearly established, A similar remark applies to the so-called bromine 
monochloride. 

Atomic and molecular weight of fluorine. — The combining weight 
of fluorine has been established by converting calcium fluoride, potassium 
fluoride, sodium fluoride, etc., into the corresponding sulphates, J. B. A. 
Bumas (1860) found that 1 gram of pure potassium fluoride furnishes 
1*4991 grams of potassium sulphate. Given the atomic w^eights of potas- 
sium 39T, sulphur 32*07, oxygen 16, it foUows that if a* denotes the 
combining w^eight of fluorine wdth 39*1 grams of potassium, 1 : 1*4991 

2KF : == 2(39*1 + x) : 174*27- or,, jr 3.9. The best deter- 

minations range betw^een 18*97 and 19*14, and the best representative 
value of the combining w-eight of fluorine is taken to be 19. Ho knowm 
volatile compound of fluorine contains less than 19 parts of fluorine per 
moleouie, and accordingly this same number is taken to represent the 
atomic weight. The vapour density of fluorine is 1*31 (air 1), that is, 
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28*755 X 1*31 37*7 (Hg === 2)x Tlie molecu^^ of fluorine is therefore 

represented by Fg. 

■■ Questions. 

L Potassium iodide is /iable to contain potassium iodate, and calomel is 
liable to contain corrosive sublimate. How do you account for the presence of 
these impurities, and how would you test for their presence Andrews- Univ, 

2. Name two minerals containing fluorine, and write their formulse. How 
and by whom was fluorine first isolated ? How is hydrofluoric acid prepared, 
in what form is it usually used in the laboratory, and how is it employed in eteliiiig ? 
- — Princeton Univ.^ U,S,A, 

3. By what method is hydrogen fluoride prepared in a state of purity ? Con- 
trast its properties with those of the hydrides of chlorine, bromine, and iodine. 
How has fluorine been isolated ? — London JJniv* 

4. How would you prepare a specimen of pure hydrogen iodide ? Give 
examples of its reducing action.- — St, Andrews XJniv* 

5. What is meant by the term “ catalytic agent ” ? Describe the use of 
such an agent in the preparation of hydrogen bromide. What is the chief source 
of iodine at the present time ? — Cornell Vniv.f ZJ.SA. 

6. What do you understand by a reversible chemical action r Cite examples. 
Point out the conditions affecting the course of the action.-^St, Andrews Vniv. 

7. Explain the nature, from a chemical point of view, of the chief operations 
involved in the production of a photograph. — London XJniv. 

8. Describe the preparation and properties of hydrogen bromide and hydrogen 

iodide. Why are these gases not commonly prepared by reactions similar to that 
used in the ordinaiy preparation of hydrogen chloride ? — Victoria Man- 

chester, 

9. Describe the effects observed when chlorine water is added (a) to mercurous 
chloride, {b) to potassium iodide solution. What inference do you draw about the 
reactions that nave taken place ? Why ? — Sheffield Scientific School, V.SA, 

10. Define and give examples of thermal dissociation, kinetic equilibrium, 
reversible reaction, electrolysis and reduction. — Princeton Univ,, U.SA, 

11. What experiments have been made with the object of isolating fluorine ? 
and how do you account for their failure ? — London Univ, 

12. Describe and explain the appearances observed when (a) sodium chloride, 

(b) sodium bromide, (c) sodium iodide is heated vdth concentrated sulphuric acid. 
A Vhat operations would be necessary to cause hydrogen to combine wdth chlorine, 
bromine, and iodine respectively 1— London Univ, 

13. The rate of chemical change may be altered by {a) temperature, (b) catalysis, 

(c) solution. Describe accurately one experiment ‘illustrating the change in rate 
of a reaction, which may be brought about by each of these factors. — London Univ, 

14. Desci’ibe a convenient laboratory method for preparing chlorine." How' 
would you dry and collect the gas ? What action has chlorine on (a) antimony, 
(6) an aqueous solution of pptassium bromide, (c) an aqueous solution of potassium 
hydroxide ? — Victoria Univ., Manchester. 

15. Sketch the apparatus you would employ and explain, wdth all essential 
practical details, the method you would adopt to prepare a saturated solution 
of hydriodic acid,- — Board of Educ, 

16. Explain the following quotation : “ Scheele rightly regarded manganese 
{i.e, manganese dioxide) as a substance with a gi’eed for phlogiston, and considered 
that it removes this principle from muriatic acid, which thereby acquires the pro- 
perties which characterize dephlo^sticated muriatic acid, and that this gas 
reacts on bodies containing phlogiston by divesting them of this principle” 
(Berthollet, 1785), In what way did Lavoisier’s theory of acid composition support 
the above reasoning ? — Madras Univ. 

17. J. J. Berzelius found that 100 parts by W'eight of fluorspar when heated 
with an excess of sulphuric acid gave 176 parts of anhydrous calcium sulphate. 
Elemental fluorine was not known, at that time, and yet the combining weight 
of fluorine was calculated from thii result to be nearly 19. How was this done f 
What considerations would lead you to assign the formula HF and CaF 2 to the 
fluorides of hydrogen and calcium respectively' ? — Science and Art. Pept. 

18. How would hydrogen iodide heated in a closed vessel be represented by 
the phase rule ? - 



CHAPTER XV 


The Oxides afb Gxyacids oe Chlorine, Bromine, and Iodine 
§1. Chlorine Moaoxide. 

Moiecidar weight,^ Cl ^ 86‘92. Boiling point, -|- 3*8*. Relative vapour 


Moleciilar weight, CUO ==: 86‘92. I 
density (Hj, == 2), 86*5 ; (air = 1) 3-01. 


2HgO + 2CI2 


Preparation. — This compound is prepared by the action of chlorine gas on 
mercuric oxide. A slow current of dry chlorine from the apparatus AB\ 
Fig. 130, is passed through a glass tube C containing dry precipitated mer- 
curic oxide previously heated for about an hour to about 400'^ The 
tube is cooled by immersion in cold water, and the issuing gas is passed 
through a U-tube D cooled with ice and salt. Brownish-yellow merciirio 
oxychloride and chlorine monoxide are formed : 

+CI2O. The gas 
condenses in the U- 
tube. If freshly pre- 
cipitated mercuric 
oxide be used, the 

chlorine acts too D C 

vigorously, forming 
mercuric chloride and 
liberating oxygen — ■ 


Hg,OCl^ 

f 




Fig. 130. — Preparation of Chlorine Monoxide. 


maybe^ explosively ; 
if the mercuric oxide 
be in coarse frag- 
ments, the reaction is 
too slow. 

Properties. — 

Chlorine monoxide is a pale orange-yeUow gas with the greenish 
tinge characteristic of chlorine. Its smell is not unlike (but is easily 
%stinguishable from) that of chlorine. One volume of water dissolves 
200 volumes of the gas at ; and the solution behaves like an acid 
hypochlorous acid, HCiO : CI2O + H3O = 2HOCL Hypochlorous acid 
forms salts-— -hypochlorites— with the bases. The hypochlorite radicle 
‘‘ CIO ” then acts as a monad. Hence chlorine monoxide is also h3rpo« 
chlorous anhydride. If the gas be passed through a tube surrounded with 
a mixture of ice and salt, the gas condenses to a reddish-brown liquid 
between —19^ and —20°. The liquid boils at 5° and 738 mm. pressure. 
Both the liquid and the gas are very, Unstable. Mere contact of the gas 
with sulphur, phosphorus, and many carbon compounds — e.gt. caoutchouc, 
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turpentine, etc. — ^lead to decomposition 'with, explosive violence. ‘Dry 
calcium chloride is not attached by chlorine monoxide, but if moistiue be 
present it forms calcium Ca(OCi)2b ^hd clilorine : CaGlg 

4- BCi^O ~ Ca(OGI)2 + 2GI2 ; and the prolonged action of the gas gives 
calcium cMarate, Ca(Ci03)2."' The Hquid is more liable to explosion than 
the gas, for it may explode with a slight mechanical shock, e.g. when 
poured from one vessel to another. As indicated above, the liquid can be 
distilled under reduced pressure; and it may be exposed to sunlight 
v\dthout decomposition in perfectly clean vessels. 

Composition. — ^Pass a stream of the ga,s through a capillary tube with 
three bulbs, and gently heat the tube in front of the first bulb, The gas 
decomposes before it enters the bulbs, the capillary tube prevents an 
explosion. When the bulbs are filled with the products of decomposition, 
each bulb can be sealed off and the contents examined. The free chlorine 
in each bulb is absorbed by potassium hydroxide, the results show that 
two volumes of chlorine accompany every one volume of oxygen. Since 
according to Avogadro’s hypothesis, equal volumes of these gases contain 
the same number of molecules, and since both chlorine and oxygen have 
two-atom moiecules, it follows that the molecule of chlorine monoxide has 
two atoms of chlorine per one atom of oxygen. The vapour density of 
chlorine monoxide is 86*92 (H^ = 2). This corresponds with a molecule 
containing two atoms of chlorine and one atom of oxygen ; hence the 
formula is written Chfi. The action of heat is to resolve two volumes 
of the gas into two volumes of chlorine and one volume of oxygen 
2CI2O 2CI2 -f Og. 

§ 2. Hypochiorous Acid. 

The action of chlorine on cold water. — It is probable that a cold 
aqueous solution of chlorine decomposes, forming a mixture of hydrochloric 
and hypochiorous acids. For equilibrium : Gig + HgO ^ B.CI + HOCL 
This is evidenced by the fact that chlorine water reacts acid with litmus 
before it bleaches ; and some hypochiorous acid can be separated by dis- 
tillation. However, the amount of the two acids present when the system 
is in equilibrium is very small. If one of the products, say hydrochloric 
acid, be removed, the equilibrium is disturbed and the reaction proceeds 
in the direction needed to re-establish equilibrium. If freshly precipitated 
mercuric oxide, for example, be present, the hydrochloric acid reacts witli 
the mercuric oxide, forming mercuric chloride, HgGk. The hypochiorous 
acid is such a weak acid that it has practically no action on tlie mercuric 
oxide. The action of chlorine on water containing mercuric oxide is 
therefore represented : HgO -f- H^O + 2 Cl ^ HgClg 4- 2HOCL Similarly, 
if calcium carbonate be suspended in the water : CaCOg H- HoO 4- 2Ciij 

CaClg 4 COa 4 2HOCL If the resulting liquid be distilled, a dilute 
solution of h;>q)ochiorous acid passes over. 

The action of chlonne on cold solutions of alkali hydroxides. — A 
similar action occurs if cold water containing a little potassium hydroxide 
be treated with' chlorine, but both acids are neutrahzed : 

r HOGI HOGl 4 KOH KOGl 4 HoO 
I HOI ■ '"HCi4K0H=:KGl + H20 ' 
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equilibrium is disturbed, and tlie reaction from left to right is almost com- 
plete. Tlie net result of the reaction is 'represented : CI3 + 2XOH4f^KC1 
-f- KOGi 4- HoO. The liquid obtained by saturating a solution of potas- 
siuni hydroxide with chlorine is called eau de Javelle — so named because 
it was prepared by C. L. Berthollet’s' process at the .chemical, works on the; 
Quai de Javelle, a.' suburb of Faris,. in 1792. In 1834 A.^ J. Balard proved 
that eau de Javelle .is a mixture of potassium ■ chloride and hypochlorite. 
The solution is sometimes used for bleaching purpose's. If sodium hydroxide 
be employed, as suggested by A. G. Labaitaque, in 1820, the so-called 
chlorinated soda,” ot Labuffaque^ s solution, is obtained. The electrolysis 
of cold solutions of sodiimi or potassium chloride furnishes sodium or potas- 
sium hydroxide and chlorine. If the products of electrolysis are allowed 
to intermix, sodium or potassium hypochlorites are formed in a similar 
manner. 

Preparation. — ^As indicated above, a little hypochlorous acid accom- 
panied by hydrochloric acid is formed when chlorine is dissolved in water. 
Hypochlorous acid can be obtained by distilling a solution of bleaching 
powder or can de Javelle with dilute nitric acid. Almost all the hypo- 
chlorous acid is liberated by the dilute nitric acid ; KOCi + HNO3 ^ KNO3 
4* HOCi, while the chloride is scarcely affected since so little nitric acid is 
present : KOI 4* HNOg =5=^ KNOg 4" HCL To avoid this latter reaction, a 
weak acid like boric acid is more efficient than nitric acid, because a very 
great excess of boric acid must be present before appreciable quantities 
of hydrochloric acid can be set free. 

Properties. — Pure hypochlorous acid free from water has not been 
obtained because the acid is so very unstable. The aqueous solution can 
be concentrated to a golden-yellow liquid, but only the yellowish solutions 
containing about 5 per cent, of HOCI can be distilled without decomposi- 
tion. More concentrated solutions are decomi)Osed on warming into chloric 
(HClOg) and hydrochloric acids : 3HOC1 = HCiOg -f 2HCi ; "foUowed by 
the reaction HCl 4- HOCI = H^O 4- Olg, for hypochlorous acid is decom- 
posed by acids, and with hydrochloric acid the chlorine of both acids is 
set free. Hypochlorous acid is a monobasic acid and forms salts with 
bases. The radicle “ CIO ” is a monad, and its compounds with the bases 
are called hypochlorites. Highly concentrated solutions of sodium 
hydroxide, saturated with chlorine and evaporated at a low temperature, 
furnish needle-like crystals of sodium hypochlorite — ^NaOCl.bHaO--— con- 
taminated with about 3 per cent, of sodium chloride. Similarly, by the 
action of chlorine on milk of lime, and further concentrating the resulting 
solution by the alternate addition of more lime and chlorine, crystals of 
calcium hypochlorite— Ca(OCl)2 — have been obtained. The crystals am 
not deliquescent, and keep well, Hypochlorous acid is so feeble in strength 
that the carbon dioxide of the air is sufficient to displace the acid from 
hypochlorites. Note the relation between water, hypochlorous acid, and 
clilorine monoxide ; respectively : 

^0 /a>^ ci>o 

The bsfiidiasihg action of hypochlorous acid^— When warmed^ hypo** 
chlorous acid not only furnishes chloric. acid-^HClOa^^^as indicated above, 
but it is also decomposed with the ©volution .of oxygen.' ** 2HOC1 « 2HGI 


:336' 


MODERN IHOEGAHIC CHEMISTRY 


+ O 2 . This reaction is particularly active in sunlight and in the presence 
01 oxidizing agents. Thus with silver oxide : AggO •+- 2HOC1 = 2AgCI 
4~ HgO + O 2 . If a little nickel or cobalt nitrate solution be added to 
water containing hypochlorous acid and the mixture warjoaed in a flasks 
oxygen is evolved: 2HOC1 == 2HC1 -f- C 2 . The cobalt salt acts as a 
catalytic agent. The mechanism of the reaction is generally supposed 
to involve the concurrent reactions corresponding with the transformations 
of the cobalt oxide i CoO CogOg CoO — > CogOg etc. When oxygen 
is x^repared by this process, bleaching powder suspended in water is the 
usual source of the hypocMorous acid. In illustration of the oxidizing 
action of hypochlorous acid, calcium hypochlorite or bleaching powder 
may be boiled for some time with a solution of lead acetate, puce coloured 
lead dioxide, PbO 2 , wfll be precipitated ; and if boiled with a solution of a 
manganous salt, manganese dioxide, MnO 2 , wiU be precix3itated. More 
prolonged boiling may give a green solution of calcium manganate, or a 
pink coloured solution of calcium permanganate, Ca(Mn 04 ) 2 . 

The rapid decomposition of hypochlorous acid in sunlight renders it 
X)robabIe that the action of light on chlorine water results in the formation 
of the hypochlorous acid by hydrolysis : Gig + HgO = HGl + HGCl, is 
at once decomposed : 2H0G1 = 2HGi -f O 2 , so that the hydrolysis goes to 
completion, and leaves, as final products, hydrochloric acid, water, and 
oxygen. 

Test. — ^When an excess o! mercury is shaken up with an aqueous solution 
of hypochlorous acid, a bromiish-yellow precipitate of mercuric oxychloride, 
HgO.HgCIa, is formed ; this is decomposed by dilute hydrochloric acid — 
mercurio chloride passes into solution. With chlorine water, mercury 
gives a wliite precipitate of mercurous chloride, HgGl ; hence the reaction 
can be used to distinguish and even to estimate hypochlorous acid in the 
presence of free chlorine in solution. 

§ 3. Bleaching Powder. 

History, — ^The first attempt to apply chlorine to bleaching was made 
by C. L. Bertholiet in 1785. The hquor employed was obtained by the 
action of chlorine on alkali-lye. Attempts were made to suppress the 
unpleasant efieots of chlorine by mixing it with potash or chalk. Rumours 
of a mysterious bleaching liquid began to attract attention. In Scotland 
linen bleaching was practised extensively. The best goods were sent to 
Holland by the Scotch bleachers to be bleached, and the goods returned 
to Leith. Ciilorine was tried, but disappointment followed. The gas 
attacked the fabric and the linen rotted. Berthollet’s discoveries were 
communicated to James Watt in Paris about the same time, and Watt 
soon afterwards brought the news to Scotland. In 1798 Charles 
Tennant patented a process for the use of cheaper lime in |)lace of 
potash ; at first milk of lime was used, and a year later, solid calcium 
hydroxide. The patent was later declared void because lime had 
been used for the same purpose in Lancashire x>rior to Tennant’s 
patent. 

The action of chlorine on calcium hydroxide. — If chlorine be allowed 
to act upon an aqueous solution of a bivalent base, say calcium hydroxide, 
in place of potassium or sodium, hydroxide, a molecule of each of the two 
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monobasic acids, formed by the action of cMorine on water, is neutralized 
by one molecule of the base, and what seems to be a mized salt is formed t 

^ jm ,ma ^oci -0- 

— Ca<Qi +2H2O 

The; salt. , Cl— Ca — OCi is c.ailed bleaching powder ” ; or ' “ chloride 'of 
lime.” This substance may also be regarded as a molecular compound 
of calcium chloride with calcium hypochlorite ; GaCi2.Ca(OCl)2. The 
constitution of bleaching powder has been much discussed, and the subject 
is yet far from being definitely settled. It is very probable tha,t bleacliing 
powder contains but little calcium chloride because (1) al the ciilorino can 
be expelled from it by the action of carbon dioxide. This would not be 
the case if calcium cMoride were present, unless some reaction like that 
assumed by Balard takes place, viz. CO^ •+* Ca(OCl)2 = CaCOg CaCljj 
-I- CI2O, followed by CiaO + CO3 -j- CaClg = CaCOg + O2 ; (2) calcium 
cMoride is very deliquescent, bleaching powder is not ; (3) calciimi chloride 
is readily dissolved by alcohol, whereas an alcoholic solution of bleaching 
powder contains but traces of calcium chloride. The two latter objections 
have been answered by a subsidiary hypothesis that the calcium chloride 
is united with the hypochlorite to form a double salt, CaCl2.Ca(C10)3. 
(4) However well prepared, bleacliing powder always contains an excess of 
lime ; at any rate, a deposit of slaked lime is always found as a residue 
when bleaching powder is treated with water. Under very favourable cir- 
cumstances lime can be saturated with no more than 43-| per cent, of 
available chlorme. The facts correspond with the formula Ca(OCl)Cl 
first suggested, vathout proof, by W. Odling in 1861. Since the available 
chlorine in commercial bleaching powder usually ranges between 36 and 
38 per cent., it is evident that the calcium hydroxide, Ca(OH)2, is not 
completely saturated with chlorine, and that some free calcium hydroxide 
is present. Hence commercial bleaching powder is best represented as 
Ca( 001)01 + ^^Ga{OH)o, where 71 is very nearly one-half, or 2Ca(0Cl)Ci 
-f Ca(OH)2. 

Preparation. — ^Bleaching powder is made on a large scale by the action 
of chlorine on slaked lime, Ca(OH)2. The lime is spread in 3- or 4-inch 
layers on perforated shelves in a large chamber, and then raked into 
furrows. Chlorine is led through the chambers. At first the absorption 
of chlorine is rapid, but it afterwards slows down. The lime is then turned 
over from time to time so as to expose a fresh surface. After standing 
for 12 to 24 hours a shower of fine dust lime is blown into the chamber 
to absorb the excess of chlorine. The amount of chlorine absorbed is 
never so complete as is represented by the equation ; Ca(OH)2 + OI3 
™ Ca{OCl)Cl 4- HgO. The commercial value of the bleaching powder 
depends on the amount of available chlorine it contains. The amount of 
available chlorine depends upon the method of prejparation, temperature, 
etc. If the tem]3eratiire be kept between 30"^ and 40®, a bleaching 
powder containing about 40 per cent, of available chlorine has been 
prepared. 

Evaluation of bleaching powder. — The process for the determination 
of the available chloride depends upon the fact that sodium arsenite is 
oxidized to sodium arsenate by an aqueous solution of bleaching powder. 
Hence a standard solution of sodium arsenite is added to a known amount 
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of an aqueous soluticax Heftching, powder xintil the solution no longer gives 

a bine coloration with iodised starch paper. TMs shows tha^t no available 
rhlorine is present. The amount of sodium arsenite used in the experi- 
ment Is related witli the bleaching powder by the following equation: 
(^a(OCi)Ci -r Xa.AsOg -f CaCla, and the theoretical amount of 

CalOCilCl can therefore be readily eomputecl 

The action of water and acids.— II bleaching powder be treated 
"with cold waters it forms a strongly alkaline solution, and insoluble calcium 
iiyciroxide roinains. It is probable that the action is due to the hydrolysis 
of the calcium hvpoehloritc : 2Ca(OCi)Ci — Ca(OCl)«; + CaCl2; followed 
by Ca(OCila 4- Ca(OH)2 4- 2HOG1. If the bleaching powder be 

t related with a- very dilute acid, h3q)ochlorous acid, HOCI, is formed ; 
€atOOI)Gi -T- HCl CaCU 4 HOCl/ If an excess of acid be lu’esent, the 
hvpocyorous acid is decomposed, forming water and chlorine: HOCI 
-r Htl -- ii-P - (y 

Bieaeiiing powder decomposes -when exposed to atmospheric moisture. 
The carbon dioxide of the air also reacts lOvC a feeble acid as indicated 
above. Bleaching powder also decomposes slowly when kept in a well- 
stoppered bottle. When heated with ammonia, nitrogen is obtained: 
2XH3 4 3Ca(OCi)Ci 4* SCaCla + ^^2 5 when boiled with 

water and a little cobalt salt, oxygen is obtained as indicated above. Thus, 
liypochlorous acid, chlorine and oxygen can be obtained from bleaching 
powder. 

Bleaching, — ^In bleaching by eau de Javelle or by bleaching powder, 
the fabric is steeped in a clear dilute aqueous solution of the bleaching 
&gmi--<hemichlng — and then soured hy steeping in dilute acid. Hjqio- 
chlorous acid is thus produced, and then free chlorine. The free chlorine 
does its work within the fibres of the “wet fabric as indicated on p. 282. 
The bleaching action of iiyimchlorous acid is generally stated to be twice 
as great as that of the chlorine it contains, supposing the latter w*ere free : 
2(Jk -f 4HCi + O3 ; 4HOCi - 4HCi + 20.. But it must- be 

remembered that two atoms of chlorine are needed to form one molecule 
of HOC!, since an equivalent amount of HOT is formed at the same 
•.time. ■ 

Electrolytic bleaching liquid is preferred for some purposes to bleaching 
powder, although the latter is rather cheaper than the former. The 
hleiiching liquid is made by the electrolysis of solutions of sodium chloride. 
The chlorine wiiich accumulates about the anode is mixed with a solution 
of sodium hydroxide which eolieots about the cathode. The result is an 
aqueous solution of chlorine containing sodium hydroxide and chloride, 
ne. a mixed solution of sodium hypochlorite and chloride, A brisk chv 
culation of the electrolyte is needed to prevent the escape of chlorine. 

§ 4. Potassium and Barium Chlorates. 

The manufacture of potassium chlorate, KCIO3.— We have seen that 
when chlorine is passed into a cold solution of potassium hydroxide, a 
mixture of potassium chloride and hypochlorite is formed ; and when the 
solution of the hypochlorite is boiled, it decomposes, forming a mixture 
of potassium chlorate and chloride 1 otherwise expressed, the hypochlorite 
solution oxidizes itseMs mOCi 4. HCiOa. The reaction takes 
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place 111 aqueons solution with, .the evolution- of ■,23*8'- .Cals./,,, Potassium 
chlorate is likewise; obtained /^?llen,ohlorme is passed into & hot (70*) aqueous 
solution of \ potassium hydroxide : 6 KOH + SOl^ = XCiO^ -i-. 5KCi 
d- SHgO; ; and the- two salts-— potassium chloride and potassium; chlorate 
—can .be; separated by, fractio,nal , crystallization. ■ , Potassium chlorate , iS: 
far less soluble than the corresponding chloride, p. 30. C. L. Berthollet 
(1786-8') first is,olated this salt, although it appears to have been .known to 
J. R.. Glauber (1658), who mistook it for saltpetre. The above method 
of preparation is due to J. L. Gay-Lussac '{ISIS). 

Liebig’s process of manufacture.^—It will be observed that the amount 
of chlorate obtained, from a given amount of potassium hydroxide is' small, 
because one,, moiecule, of potassium chlorate is accompanied by .five' mole- 
cules , of potassium chloride , as 'by-product. Tins loss, is serious be,cause 
the potassium hydroxide is relatively expensive. This led J. von Liebig 
(1842) to modify the process. It is cheaper to substitute a hot solution of 
slaked lime in water for the potassium hydroxide solution. In that case : 
6 Ca(OH )2 d* bClg = Ca(G 103)2 4* fiOaCla + fiHgO. The clear solution of 
calcium chlorate and chloride is concentrated a little by evaporation, and 
a silghfe excess of potassium chloride is added. Potassium chlorate has 
but one-tenth the solubility of the corresponding calcium salt, and is far 
less soluble than the two chlorides; hence by a further concentration of 
the solution, the least soluble potassium chlorate separates ; Ca(C 10 g )2 
d- 2KC1 2KCiG8 H- CaCl 2 . The potassium chlorate so obtained is 
purified by recrystaHization. 

The electrolytic process of manufacture.— The old process of J. von 
Liebig is now almost displaced by the electrolytic process ; indeed, after 
the introduction of the electrolytic process the price of chlorate soon feU 
from £60 to £35 per ton, and abundantly justified H. Davy’s prediction 
(1806) : “It is not improbable that the electric decomposition of neutral 
salts in difierent cases may admit of economical ones.” Hot solutions 
of potassium chloride are electrolyzed. The initial and end stages of the 
reactions are represented : KCi -f SHgO = KGlOg d- ; but no doubt 
chlorine is first formed (p. 278) ; then potassium hypochlorite ; and finally 
potassium chlorate. The sparingly soluble potassium chlorate crystal- 
lizes from the solution- during the electrolysis, and thus gives trouble. 
Since 100 c.c. of water at 20* dissolve about 99 grams of sodium chlorate ; 
and 100 c.c. of water, about 7*2 grams of potassium cMorate, it is best to 
first prepare sodium chlorate by the electrolysis of sodium chloride ; and 
then treat the solution with potassium chloride as in the case of calcium 
chlorate described above. Potassium chlorate can be readily isolated by 
fractional crystallization. 

The solubility and the action of heat on potassium chlorate have been 
described previously. Potassium chlorate is used medicinally ; in the 
manufacture of matches, fireworks, and explosives ; as an oxidizing agent 
in chemical processes, for the preparation of small quantities of oxygen ; 
etc. 

Barium chlorate, Ba(Ci 03 ) 2 .**-This salt can he prepared by the electro- 
lysis of a solution of barium chloride ; or by the action of chlorine on a hot 
solution of barium hydroxide, or on water containing barium carbonate 
in suspension. The separation of barium chlorate and barium chloride 
by fractional crystallization is rather difiicult because the tw salts are 
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alniO'JD equally soluble in water. It is best to cool tlie ciystaliizing soIu« 
tion to 0^', at wbicli temperature 100 parts of a saturated solution contain 
16*9 grains of barium chlorate; and 100 gi'anis of a saturated solution 
contain 24 grams of barium chloride ; at i0°, the corresponding solubili- 
ties are 21 and 25 ; and at 20", 25 and 26. 

§ 5. Chloric Acid, 

Preparation. — ^The elilorates, as we have seen, were first made by 
f *. L. Bertholiet, and J. L. Oay-Lussac (1814) obtained chloric acid by the 
following process: A solution of, say, 80 grams of barium chlorate in 
170 e.c. of water is treated with an equivalent quantity of sulphuric acid 
(24’3 grams of H2SO4 in 200 c.c. of water), when barium sulphate and 
chloric acid are formed : BatClO^)^ ~r HgSO^ = BaS04 + 2HCIO3. The 
clear solution of chioric acid is decanted from the precipitated barium sul- 
phate, and concentrated by evaporation in vacuo over sulphuric acid. 
Solutions containing more than about 40 per cent. HClOs cannot be pre- 
pared, because the chioric acid then decomposes spontaneously into free 
chlorine, oxygen, perchloric acid — HCIO4 — and water. The first action is 
probably t 2HCIO3 = HCi04 -f HClOg ; the chlorous acid, HClOg, so 
formed reacts with the chloric acid, forming chlorine peroxide, ClOg : HClOg 

HClOg^HgO -f- 2CIO2 ; and the ciilorine peroxide breaks down into 
chlorine and oxygen ; 2CIO2 = Clg -f 2O2, as indicated below. The initial 
and end products of the completed re-action are represented ; SHClOg 

HCIO4 -b HgO + CI2 + 2O2. 

Properties, — ^The concentrated solution of chloric acid so prepared is a 
colourless viscid liquid with a pungent smell. It readily decomposes on 
exposure to ligiit. The solution is stable in darkness provided organic 
matter be absent. .Wood, 2>aper, etc., decompose the acid at once — ^very 
often with spontaneous combustion. Blue litmus is first reddened and 
then bleached by the acid. Even in a dilute solution, chloric acid is a 
powerful bleaching agent. The acid is monobasic, forming a series of 
salts — chlorates— -where OlOg acts as a univalent radicle. The anhydride 
of the acid — chlorine pentoxide, ClgOg — ^is not known. 

The chlorates. — The chlorates are powerful oxidizing agents. An 
explosion may occur if a chlorate be mixed with organic matter, charcoal, 
sulphur, etc., and the mixture struck with a hammer, or heated. Hence 
mixtures of chlorates with such materials must not be ground together 
with a pestle and mortar. The materials should he ground separately, 
and then carefully mixed on paper with a feather. Phosphorus in contact 
with a chlorate may explode spontaneously. Thus if a di’op of a solution 
of phosphorus in carbon disulphide be aiiowed to fail on a little potassium 
chlorate, a loud explosion occurs as soon as the carbon disulphide Las 
evaporated. Tiio red phosphorus in the mixture on the side of a box 
of safety matches gives a series of sparks when a piece of potassium chlorate 
is drawui across, and serious accidents have resulted by the accidental 
rubinng of tabloids of potassium chlorate on the side of a matchbox in 
the same pocket. The oxidizing action of potassium chlorate in neutral 
or slightly acid solutions is greatly stimulated by traces of osmium tetra- 
chloride, OsCl^, as catalytic agent. ' . 

The chlorates are ail soluble in water. Potassium chlorate is one of 
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tlie least soluble of tiie clilorates. The salts are fairly stable, but decompose 
into chlorides and oxygen when heated. The chlorates are recognized 
by giving no preeipitate with silver nitrate ; although, after ignition, the 
silver nitrate wiU give a precii)itate of silver chloride with aii aqueous 
solution of the residue. If a few drops of a solution of indigo sulphate 
be added to an aqueous solution of a chlorate, and the liquid be acidified 
with sulphuric acid, and sulphurous acid, or a sulphite be added, the chloric 
acid is reduced to a lower chlorine oxide which bleaches the blue colour 
of the indigo. If 3 or 4 drops of concentrated sulphuric acid be ailow^ed to 
run dotvn the side of a test-tube containing a little chlorate solution mixed 
with aniline sulphate, a blue colour appears where the two liquids meet. 
Nitrates and iodates give a brownish red coloration under similar 
circumstances." ' ' 


Comp^^^ composition of chloric acid was established by 

J. S. Stas’ analyses of silver chlorate, A known amount of silver chlorate 
was reduced to the chloride by the action of sulphurous acid. Previous 
analyses had established the exact composition of silver chloride. Stas 



found that 100 grams of silver chlorate furnished : 

Silver chloride— -AgCl . . . ... . . . . 74*9205 grams. 

Oxygen . . . . , . . . . . . . . . 25-0795 „ 

Silver chlorate . ... . . . ... . . 100*0000 „ 

The molecular weight of silver chloride is 143*43 ; and the atomic weight 
of oxygen is 16. By division, 74*9206 -f- 143*34 — 0*52 ; and 25*0795 
-f- 16 = 1*58, Hence the ratio of silver chloride to oxygen in the silver 
chlorate is as 1 .* 3 ; or the empirical formula of silver chlorate is AgClOs, 
and of the acid HCiOg. The molecular weight of the acid has not been 
determined satisfactorily. 


§ 6. Chlorine Peroxide. 

Molecular weight, ClOo =; 67*45. Melting point, —79°; boiling point, 9*9°. 
Vapour density, 67*29 (H 2 — 2) ; 2-39 (air = 1). 

Preparation. — ^Whiie studying the action of concentrated sulphuric acid 
upon potassium chlorate, H. Davy (1815) found that a highly explosive gas 
was produced. Finely powdered po- 
tassium chlorate is gradually added 
to concentrated sulphuric acid in a 
small flask or retort, A, Fig. 131. The 
salt dissolves, producing a reddish- 
brown liquid, but no gas is evolved if 
the liquid be kept cold. When the 
solution is gradually warmed, by W 
placing the retort in a vessel, B, of Jl 
Tvarm water, taking care not to heat 
the glass above the level of the liquid 
in the retort, chlorine peroxide is 
evolved as a gas. The first action , ‘ 

of the sulphuric acid on potassium . 
chlorate is to form chloric acid : ,XCi03 + H2SO4 = KHSO4 + IICIO3 ; 
and the chloric acid is then decomposed ’ into perchlorio acid, HCIO4, 
chlonne peroxidejt and water i SHQ10’3"=5r.'HGlO4 + H^O. 


-Preparation of Chiorine 
Peroxide, 
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Properties.— Cliioriiie peroxide is a reddisli-yeliow gas with, an un- 
pleasant smell which produces headache; very dilute solutions have a 
smell wiiieli is not unpleasant and has been likened to ozone. The gas is 
inueli heavier than air, and is collected by the upward displacement of air, 

since it decomposes in contact with mercury, and it is fairly soluble in 
water. Water at 4 ® dissolves about Wenty times its volume of the gas. 
When the solution is cooled to lower temperatures a crystalline hydrate 
separates — possibly as Ci 02 . 8 H 20 . On standing, in the dark, an aqueous 
solution of chiorkie peroxide forms a mixture of chloric and hydrochloric 
acids. Wiicn the gas is cooled, it condenses to a dark red liquid which 
boils at O'O", and the liquid can be frozen to orange-coloured crystals melting 
at; -- 79 '^. Cliiorine peroxide is very unstable. It decomposes with 
explosive violence if an electric spark be passed through the gas, or if a 
hot wire be introduced into the gas. Cliiorine peroxide also decomposes 
into its elements if it be exposed to the light. The gas is liable to suddenly 
explode, especially if in the liquid or soHd condition, or if organic matter 
be present. Chlorine peroxide is a powerful oxidizing agent — a piece of 
phosphorus, sugar, or other combustible takes fire spontaneously in the 
■■■■gas. ',■■ ■ . 

Two well-known experiments may be cited to illustrate this. Place some 
crystals of potassium chlorate at the bottom of a test glass, and half fill the vessel 
with water. A few lumps of yellow phosphorus are dropped into the glass, and 
coneoiitrated sulphi.irie acid is allow^ed to flow through a tube funnel on to the 
chlorate. The bubbles of chlorine peroxide which are evolved produce bright 
flashes of light when they come in contact with, the phosphortis under the water. 
.Again, powdered sugar and potassium chlorate are mixed with a feather on a 
aheet of paper and placed on a stone slab. When a drop of sulphuric acid is 
allowed to fail upon the mass, the chlorine peroxide which is formed ignites the 
sugar, and the flame rapidly spreads throughout the mass. 

Composition. — H. Davy’s formula for the gas was confirmed by Pebal 
ill 1875, "who obtained a mixture of 1 volume of chlorine with 2 volumes of 
oxygen, when two volumes of the gas were exploded. In spite of this, the 
formula was wTitten GhO^ until Pebai and Schachert^ in 1882, found the 
vapour density of the gas in harmony with CiOg. Gay-Lussac determined 
the composition of chlorine peroxide by passing the gas through a capillary 
tube with three bulbs of knowm capacity. The capillary tube was heated 
before the gas entered the bulbs. Decomposition took place in the capillary 
tube without explosion. The bulbs therefore contained the decomposition 
products of the chlorine peroxide — chlorine and oxygen. The chlorine 
w^as determined by absorption with potassium hydroxide and the oxygen 
in a gaB-measuring tube. It w^as found that 100 volumes of the peroxide 
furnished 100*6 volumes of oxygen and 49*3 volumes of chlorine. Hence 
it ^vas inferred that 

2CIO2 = CI2 + 2O2 

2 Yois. 1 vol, 2 vols. 

and by the application of Avogadro’s hypothesis, that equal volumes 
contain an equal number of molecules, and that oxygen and chlorine 
molecules each contain two atoms, it follows that the formula of cliiorine 
peroxide is CiO^. This k confirmed by. the vapour density— 67 ‘20 — ^wliich 
corresponds with the molecule GiOg, not ■,€ 1204 , The molecular weights of 
the gas In water, and in carbon; tetrachloride, as solvents, agree with 


, oxims mi): oxYAciDs oi chlobihe, etc. m 

the foriiiiila CiO,2. '' vTliiis; tlie/cMorineTn .cMorme,;. peroxide appears, at 
first sight, to be quadrwaleiit. , , , 

Chlorites, and, .chlorous acid.— When. an aqueous .solution of chlorine 
■peroxide, is treated with an .alkali, say, potassium, hydroxide, a luixture 
of , potassium .chlorite, ' KGIO 2, and chlorate- is formed' : 2 KOH + 2CIO3 
.==, KGIO2 "f 'KCIO3 d- HqO ; and if sodium peroxide'be employed, sodium 
chlorite and. - oxygen are produced— the latter in amounts coiTespond- 
iiig with .the equation NagOa +• SCiOg ,^ 2NaCi02 “f Og.' The faintly 
colo.urless alkaline solution, so obtained is without -action on i.ndigo solution, 
or iodized starch paper, and it becomes yellow when an acid is added. 
The .„ acidified solution '' probably contains chlorous, acid, .HGiOg. The 
chlorites are readily decomposed. Lead chlorite Pb(C102)2 is precipitated 
\Yhen the solution of sodium chlorite is acidified with acetic acid and 
treated with lead nitrate. Lead chlorite at 100 ° decomposes with detona- 
tion. The soluble chlorites bleach vegetable colouring matters, even after 
the addition of arsenious acid. This is not the case with the hypochlorites. 
Pure chlorous acid has not been prepared ; an aqueous solution is obtained 
by digesting the lead salt wdth barium carbonate so as to form barium 
chlorite, Ba(C102)2y and finally precipitating the barium as suliihate by 
The solution gradually decomposes : 4 HC 10 a = 2H2O 
-f SGiOa + Gl. The corresponding anhydiide — chlorine trioxide, ClgOg 
— ^is unkno%?n. 

H. Davy prepared a gas by the action of concentrated liydrocliloric 
acid upon potassium chlorate, which he believed to be chlorine trioxide, 
with the composition CigOa, and which was termed euchiorine. Euchlorine, 
however, is a mixture of chlorine with chlorine peroxide in varjdng pro- 
portions. ^ A mixture of potassium chlorate and hydrochloric acid is often 
employed in the laboratory as an oxidissing agent. 

§ t. Perchloric Acid. 

Preparation.— Perchloric acid is formed when chloric acid is heated or 
exposed to light : SHClOg^^Clg+HClO^+^Oa+HgO : and by the action of 
sulphuric acid on, say, potassium perchlorate: 2KCIO4+H2SO4 ^1^2^04 
“I-2HCIO4. Count Stadion first made perchloric acid in 1816 . Potassium 
perchlorate is prepared, as indicated on pp. 204 ‘“ 5 , by the action of heat on 
potassium chlorate. 

If 50 grams of pure dry potassium perchlorate be distilled under reduced 
pressure in a 300 c.c. distilling fiask with 150 to 175 grams of concentrated (96 to 
97.} per cent.) sulphuric acid, a white crystalline mass of HCIO^.H^O collects in the 
receiver. The water is formed by the decomposition of the acid during the 
distillation. By the redistillation of this product under reduced pressure, pure 
perchloric acid can be obtained. 

Electrolytic process of manufacture. — Perchloric acid and the per- 
chlorates can be prepared by the electrolysis of the chloric acid and the 
chlorates respeetivaly. The chlorate is not directty oxidized, as was once 

^ D. I. Mendeleeff thinks that some clilodne trioxide, ClgOg — vapour density 1 19 
— is present because the vapour density of euchlorine, according to L. Pebal, m 
about SO ; and the vapour density of chlorine peroxide is 67*3, and. of chlorine, 

71, Mixttti’es of tlifiso ttvo wotild givo-'too" loW w vapour density, Some- O'f'the 

chlorine peroxide, however, may be pp 0 & 0 tit m ^ •;■ ■■ • 
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supposed. The chlorate ions appear at the anode during the eleetrotysis : 
KOiOg = K- -h CIO 3', when the ions are discharged at the electrodes, the 
potassium reacts with the water forming hydrogen and the chlorate ion 
forms chloric acid which decomposes as indicated above into perchloric and 
chlorous acids and oxygen : 2CiOs + HgO = HCIO4 + HClOg + 0. The 
oxygen so formed oxidizes the chlorous acid back to chloric acid : EClOg 
-r "0 -= HCIO3. The initial and end products are therefore represented : 
2ECi03 4 - 2HgO = 2KCIO4 4- 2H2. It has been observed empirically 
that the presence of a trace of potassium dichromate increases the yield. 

Properties.—Perchloric acid is a volatile colourless fuming liquid ; 
specific gravity 1*764 at 22°, boils at 14° to 18° under a pressure of 15 to 20 
nun., and freezes at —112° to a crystalline solid. If a drop of the acid be 
brought in contact with paper or wood, instantaneous and violent inflamma- 
tion occurs ; if a ch’op of the acid be brought in contact with charcoal, a 
violent explosion occurs. Perchloric acid produces serious *woimds in 
contact with the skin. If the acid be distilled at ordinary pressures, the 
liquid ma}’' gradually become darker and darker in colour, and finally 
explode violently. The pure acid is also said to be liable to explode after 
standing some days. 

The action of water. — dropped into water, the two combine 
with a liissing sound, and the evolution of much heat ; HCIO4 -j- Aq 
= HCiO^aq -f 20*3 Cals. Perchloric acid forms five hydrates containing 
respectively 1, 2, 2*5, 3, and 3*5 molecules of w^ater. The monohydrate 
is formed by adding water to the pure acid until crystals begin to appear. 
This hydrate melts at 50^, and freezes at the same temperature, forming 
long needle-iike crystals. Solutions more concentrated than 71*6 per cent. 
HCIO,! lose HCIO4 when distilled, and less concentrated solutions lose water. 
The “constant boiling acid” contains 71*6 per cent, of HCIO4, at 
203°, and distils unchanged in composition. It fumes slightly in aii*, and 
may be preserved indefinitely, even in light. Perchloric acid slowly 
volatilizes at 138° without decomposition. 

Thermochemistry of the oxychlorine acids. — Perchloric acid is not so 
powerful an oxidizing agent as chloric acid, and this in turn is less vigorous 
than hypochlorous acid. This agrees with the stability of the respective 
acids, and is in accord with the fact that a greater amount of available 
energy per atom of available oxygen associated with hypochlorous acid 
than with either cHorie or perchloric acid. For instance, the thermo- 
ohemieai equations are represented : 

HOCiaq = HClaq -f- 0 9*3 Cals. $ or 9*3 Cals, pex* atom of oxygen. 

HCIOsaq - HClaq + 30 + 15*3 Cals, j or 5*1 Cals. per atom of oxygen. 

HClO^aq = HOIaq + 46 + 0-7 Cals. ; or 0*2 Cals, per atom of oxygen. 

Since the bleaching eflect of these regents is supposed to depend upon 
the action of nascent oxygen, it follows that in this case there is no par- 
ticular need for the assumption that atomic oxygen is more active than 
molecular oxygen, because the “ nascent oxygen ” is associated with a 
larger amount of available energy, which can do chemical w^ork The. 
available energy of each acid must" be added to that which free oxygen 
could give if it alone were pdrfdrjoiing the same oxidation ; according 
to the principle of maximum worJr, the amount of energy degraded during 
a chemical reaction measures the ^‘ tendency of a reaction to take place.” 
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'Seneetl'ie greater oxidizing ' properties of these acids ninst, at least in 
part, foe due to the greater amount of available energy associated with 
their “ nascent oxygen ” during, decomposition. . ■ 

Perchlorates,— An ^aqueous solution of perchloric acid reddens litmus^ 
and forms salts— perchlorates — ^where the radicle ‘‘ CIO 4 is univalent. 
Hence perchloric acid is monobasic. While a dilute aqueous solution of 
perchloric acid reddens litmus, dilute aqueous solutions of cHoric and 
hypochlorous acids bleach litmus. The potassium salt is one of the least 
soluble perchlorates. It is practically insoluble in absolute alcohol. When 
perchloric acid is added to an alcoholic solution of a soluble potassium 
salt, potassium perchlorate is quantitatively precipitated. The weight of 
potassium perchlorate so obtained enables the amount of potassium in 
the given solution to be computed. Unlike the chlorates, the perchlorates 
are not decomposed by hydrochloric acid ; nor do they yield an exxilosive 
gas when warmed with concentrated sulphuric acid. They are not reduced 
to chlorides by sulphur dioxide ; and they require a higher temperature 
for their decom|)osition than the corresponding chlorates. Potassium 
perchlorate in aqueous solution is quantitatively reduced to the chloride 
when boiled in the presence of neutral ferrous hydroxide and titanous salts. 
Sodium perchlorate as w^eii as sodium chlorate occur with sodium nitrate 
in native Chili saltpetre. 

Composition. — 10*03 grams of perchloric acid were dissolved in water, 
and treated with a small excess of potassium carbonate. The solution was 
evaporated to dryness with a slight excess of acetic acid, and washed with 
absolute alcohol to remove the potassium acetate. The residual potassium 
perchlorate was dried and weighed. The potassium perchlorate was 
ignited to drive off the oxygen. The results were ; 


Potassium perchlorate 13*8326 grams 

Potassium chloride, KCi 7*4434 „ 

Oxygen 6*3892 „ 

The composition of the residual potassium chloride, by a previous 
analysis, is known to be KCl with a molecular weight 74*56. Divide 
the amount of oxygen by 16, and the amount of potassium chloride by 
74*56 to g,et the atomic ratio XCl : O. This was found to be KOI : 0 
= 1 ; 4 corresponding with the empirical formula KCIO 4 for the potassium 
salt, and HOIO 4 for the acid. If the acid is monobasic, the formula must be 
HCi 04 ; if dibasic, HgClgOg, etc. If the acid is dibasic, it w*ould probably 
be possible to prepare an acid salt, KHClaOg. The acid salt has not been 
made, hence the analytical data may foe taken as circumstantial evidence 
that the molecular formula of the salt is KCIO 4 . Thus, it is possible to 
estimate the probable molecular formula* of an acid by chemical 
analysis, and mutatis mutandis also of a base. By the same argument 
it has been shown that the formula of hydrofluoric acid is probably H 2 F 2 , 
because it behaves as a dibasic acid. 

Chlorine heptoxide. — ^Perchloric anhydride — CI 3 O 7 — is obtained by 
adding perchloric acid very slowly to phosphorus pentoxide cooled to 
— 10 '^, and, after standing for a day at this temperature, distilling the 
mixture at 82'^. The chlorine heptoxide condenses to a colourless volatile 
oil which decomposes in a few days* k in benzene which it 

slowly ‘attacks ; it also reacts with;'iodine>'„ 4 bwly in darkness, rapidly in 
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liglit', forming wkat is x^robably i(diM Jieptoxlde — ^^1207 ; but. it does not 
react with bromine. Chlorine heptoxide explodes in contact with a flame, 
and by sharp percussion. It may be poured on organic matter-— paper, 
wood, etc. — with impunity for the oil simply Yoiatilizes in air.^ It reacts 
%vit!i water, forming perchloric acid. Chlorine heptoxido was isolated by 
Michael and Conn in 1900. The preparation of the anhydride is dangerous, 
for, added Michael and Cohn, '' the apparatus may be Yirtually pulverized 
by violent explosions, and |)erBonai j^recautions must be taken accordingly.” 


§ 8. The Valency of Chlorine. 

Tiie oxides and oxy acids of chlorine so far considered are ? 


OXJDKS 

Chlorine monoxide 
(Chlorine trioxide 
peroxide 

[Chlorine pentoxide 
Chlorine heptoxido 


Acids. 


CigO 

ClAl 

CljO, 


Hypoclilorous acid 
Chlorous acid . 


HOlO 

HClOg 


Chloric acid HCi 03 

Perchloric acid HOIO^ 


The oxides and acids shotv a marked increase in stability as the con- 
tained oxygen increases. The anhydrides indicated in the brackets have not 
been prepared, while hypochiorous and chloric acids are only known in 
solution. The constitution of these compounds is by no means clear. Some 
base the graphic formulee on bivalent oxygen and univalent chlorine ; 


HO— 0—0— 01 

Chloric acid. 


HO— 0—0— 0— 01 

Perchloric acid. 


Carbon compounds with chains of oxygen atoms are usually less stable 
the iongf^r the chain of oxygen. Here the contrary is the case, HOCI is 
least stable, and HOOOOCi is the most stable of these acids. Some, there- 
fl>re, suppo.se that the chain formulae are improbable, and that chlorine 
monoxide is constituted like nitrogen monoxide ; chlorine peroxide hke 
nitrogen peroxide, and chloric acid like nitric acid, namely— 


.'pi; ■ 

^]>0 HO ^ 

Chioriuo monoxide. Chloric acid. 


-a<9 


HO— CI<Q>0 

Perchloric acid. 


where chlorine may be uni- and tor-valent. The nitrogen oxides wall be 
described later. The chlorates and nitrates are isomorphous, as is also 
the case with the perchlorates and permanganates. This indicates a 
similarity In the constitution of each pair of these salts. There are there- 
fore reasons for assuming that in chloric acid the chlorine is quinquevalent ; 
and in perchloric acid, septivalent. 


0 


0>Cl-0-Cl<^ O^Cl-OH O^p-O-Cl^O 

^ ^ 0^ 0^ \o 

OWorie acid. Chlorine pentoxide.. ■ Perehlorio acid. Cailorine heptoxide. 

The existence of compounds , liiie iodine triohloride, etc., is difficult 
to explain other than by assuming that the iodine is multi- valent, and if 
iodine can be multi- valent, then, ptesumably also chlorine. 


0 


V 


0 


V 
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§ 9. Hypobromous and Hypoiodous Acids. 

Wlien iodine or bromine is added to a cold aqneons solution of ammonia i 
or. to cold solutions of potassium, sodium, calcium, or barium ' hydrosides', 
a colourless' liquid is obtained which possesses bleaching qualities. This 
solution resembles,' in many respects, .corresponding, solutions obtained 
.with chlorine. Hence it is inferred that in the case of, say, iodine, hypo.’* 
iodite and iodide are formed ; and in the ease of bromine, hypobroiiiite 
and bromide are formed. Thus with iodine : 2KOH -f 1 2 ^ d- KOI 
-b HgO. A dilute solution of the corresponding acids can be made by 
shaking mercuric oxide with a cold aqueous solution of bromine or iodine 
with water. With, bromine : HgO + HgO + 2 Br 2 ~ HgBi'o -\~ 2H0Br. 
The aqueous solutions of these acids are very unstable, particularly in the 
case of the hypoiodites and hypoiodous acid. An aqueous solution of 
hypoiodous acid decomposes into hydriodic and iodic acids, and tliese react 
together forming free iodine. The aqueous solution of potassium hypo- 
iodite decomposes at ordinary temperatures in a few hours into potassium 
iodide and iodate : 3K0I = 2KI 4 - KlOg. Hypobromous acid decom- 
poses at 60° into bromine and water, but the aqueous solution can be dis- 
tilled at 40° in vacuo. Sodium hypochlorite or hypobromite serves as an 
oxidizing agent for urea and for ammonium salts. With ammonium salts 
the reaction is symbolized : 2 NH 4 CI + 3HaOBr — 3 NaBr -f 2HCL 

SHgO -f- Ng. The volume of nitrogen so obtained serves as a measure 
of the ammonium chloride in the solution. Substances resembling bleach- 
ing powder have been formed by the action of bromine and of iodine upon 
slaked lime. “ Iodine bleaching powder ’’ is probably best represented, 
Ca(IO)I ; and “ bromine bleacliing powder,’^ Ga(OBr)Br. 

Bromous acid. — ^What appears to be a solution of bromous acid, HBrOg, 
is formed wdien an excess of bromine water is agitated with a concentrated 
solution of silver nitrate. It is probable that hypobromous acid is first 
formed : AgXOg + -f HgO == HOBr + AgBr -|- HNOg ; and that the 
hypobromous acid is subsequently oxidized : 2 AgNOg -|- Bi’g HgO -f 
HOBr — HBrOg + 2HNOg -f 2AgBr. However, neither the acid nor its 
salts have been isolated. 

§ 10. Bromic Acid. 

Potassium foromate — ^KBrOg. — ^This salt can be made by dropping 
80 grams of. bromine slowly into a cold solution of 62 grams of potassium 
hydroxide and 62 grams of w^ater. The cold yellow solution soon deposits 
crystals of bromate ; 6 KOH + BBr^ == 5KBr + KBrOg 4“ SHgO. The 
crystals are filtered off, and purified by recrystallization from 130 c.c. of 
boiling w^ater. The mother liquid contains potassium bromide, KBr. 
If an aqueous solution of barium hydroxide be substituted for potassium 
hydroxide, barium bromate is obtained : Ba(Br 0 g) 2 .H 20 . 

Bromic acid, HBrOg. — An aqueous solution of bromic acid is made by 
treating barium bromate with the calculated quantity of sulphuric acid : 
BaCBrOo)^ -h HgSO^ = BaS 04 4- 2HBrQg, The solution is decanted from 
the precipitated barium sulphate and the aqueous solution concentrated 
by evaporation in vacuo until it contains about 50 per cent, of the acid. 
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If tlie coiiceiilration be carried farther, or the acid be heatedj it decomposes 
Into bromine, oxygen, and water. 

The bromates resemble the chlorates, but, when heated, there is no 
sign of the formation of perbromates analogous with perchlorates. The 
deGoiaposition proceeds : •2KlBr03- = 2KBr -j- SOa* ; Some of the metallic 
foromates, when heated, give the metallic oxide, bromine, and oxygen ; 
2Mg(Br03)<, = 2MgO -f 2Br3 + SOg. Bromine water in aq[ueous solution 
is oxidized to bromic acid by the action of chlorine : Bro + bHgO -f- dClg 
rr: lOHCi d- 2HBr03. The bromic acid so obtained is mixed with hydro- 
chloric aeki. Bromic acid acts on silver without the evolution of hydrogen ; 
6Ag -f SHBrOg = oAgBrOg -f BHgO + AgBr. 


§ 11. Iodic Acid. 

Potassium iodate, KlOg. — ^Potassium iodate can be made by the direct 
action of iodine on potassium chlorate : 2KCi03 + Ig == 2KIO3 Clg. 
This reaction illustrates how iodine is able to replace chlorine in its oxygen 
compounds, altiiough the reverse action occurs with the hydrogen com- 
pounds : 2HI d- ^'^2 ~ 2HC1 “f* Ig. These diiferences correspond with the 
difference in the heats of formation (or decomposition) of the hydracids 
and the oxyacids : 


Hydeacids, Oxyacids. 

H 4 . Cl ^ HCi 4- 22-0 Cals, H -f Ci -f 30 + Aq HClOsaq 4- 24-0 Cals, 
H A Br -= IIBr 4- 8*4 Cals. " ‘ ‘ ' ™ . 

ii 4- I « HI - 6*0 CalB. 


jti •f' -f- du i- Aq “ ja.vjiU3aq ijaAs^ 

jEE 4* Br 4” 30 4~ Aq ~ RBrO^aq 4- 12*4 Cals. 
H 4- I 4- 30 4- Aq «= HlOsaq 4 - 65*8 Cals. 

Hence the order of the stability of the hydracids is : HCl, HBr, HI ; 
and of the oxyacids : HIO3, HCiOs, HBrOs. 

To prepare potassium iodate, dissolve, say, 25 grams of potassium chlorate in 
a 200 c.e. ilask udth 120 e.c. of boiling water ; add 26 grams of iodine, and 1 c.e. 
of concentrated niti’ie acid to the hot solution. In a few minutes chemical 
action begins and a stream of chlorine escapes from the flask. W hen the violence 
of the reaction has subsided, boil the solution to drive off the chlorine. Let the 
solution cool. Potassium iodate is less soluble in cold water than potassium 
chlorate, and accordingly most of the potassium iodate can be separated by 
crystuiliaation. Filter off the crystals of potassiunr iodate ; dissolve the crystals 
in hot -water ; neutralize the solution with potassium hydroxide ; and cool the 
solution. Fairly pure potassium iodate crystallizes from the solution. 

Barium iodate, Ba(I03)2. — ^This salt can be prepared hy dissolving 
iodine in an aqueous solution of barium hydroxide, or by the addition of 
barium chiorate to an aqueous solution of potassium iodate. White 
granular barium iodate is precipitated. 

The preparation of iodic acid, HIO3. — ^lodic acid can be made by the 
process described for bromic acid, of course substituting iodine for bromine, 
for instance, by the action of dilute sulphuric acid on barium iodate ; or 
by the action of chlorine on water containing iodine in suspension ; or 
by the action of an aq^ueous solution of chloric acid on iodine. Iodic 
acid, however, is usually made by the direct oxidation of iodine with 
nitric acid. The end products are usually represented ; IOHNO3 -f I3 = 

2HIO3 ' + 4H3O. 'There.'- Jfev'.-bowever,: no doubt that' the reaction 

is much more complex, and the equation does Httle more than show how 
iodic acid can be one product of the action of nitric acid on iodine. 
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Add 32 grams of powdered iodine, in small quantities at a time, to ISO grams 
of conGeiitrated colourless nitric acid heated in a oOO c.c. flask fitted with a long 
neck to act as a condenser. A curi’ent of air, carbon dioxide, or oxygen is passed 
through the mixture to remove the nitrogen oxides as fast as theV'are formed. 
When the iodine has all dissolved, and a white precipitate of iodic acid has taken 
its place, let the .solution cool,. . Collect the solid iodic. acid on,; an asbestos filter. 
Dissolve .the acid, in the least 'possible quahtitT' of hot ivater again filter and 
allow the solution to .recrystaliize from a 20 per cent, solution of nitric acid. 
If the iodic acid so prepared be not colourless, it must he again crystallized, by adding 
to the aqueous solution an equal volume of ..'nitric acid of, sp. gr. 1 * 33 , and con* 
eentrating the solution, 

, The properties of. Iodic , acid.— Iodic -acid.^is' a .white' .crystaHine solid 
reachly, solubie, in wato^ The aqueous solution first.. reddens blue litmus, 
and then bleaches the colour. If iodic acid be treated with concentrated 
sulphuric acid until iodine begins to be eYolved, a yellow solid is obtained 
which, after washing with tvater, and then with ether, fiirniehes numbers 
corresponding ,' with iodine dioxide, . IGg,, dr ■ iodine tetroxide, loO^ — the 
molecular weight has not been determined. Iodic acid does not give a 
blue colour with starch. In some cases, it behaves as a monobasic acid 
forming salts— -iodates. Most of the iodates are insoluble in water, and 
behave like the bromates when heated. The iodates form a series of 
“ acid salts ” with iodic acid, thus : ' 

■ : KlOgy KIOg-HIOa' ■ , . KIO3.2HIO3 

Kormal iodate, Umacid iodate. Biacid iodate. 


These facts have led to the belief that, unHke the corresponding chloric 
acid, iodic acid is polybasic — may be H 2 I 2 O 6 . Iodine may be ter* or 
quinque- valent in iodic acid, that is, 

ho-i<3zS>i-oh H0-I€o 

But really the constitution of the acid is not known with any degree of pro- 
bability, When iodic acid is heated to about 170°, it decomposes with the 
loss of water forming iodine pentoxide, I^Or,, thus : 2HIOg ^ HgO-f I 2 O 5 . 
This substance is a white crystallme solid which forms iodic acid when 
it is dissolved in water, hence, iodine pentroxide is iodic anhydride. A 
better way of making the pentoxide is to expose iodine to the action of the 
vapour of nitric anhydride. Both the oxidizing agent and the excess of 
iodine can be removed by warming the tube in which the oxidation occurred 
(Guicliard, 1909). It is more stable than the other oxides of bromine or 
chlorine, but it decomposes into its elements above 200°. At this tempera- 
ture the amount of decomposition in 100 hrs. is just appreciable ; and 
at 259° the amount decomposed is proportional to the time. The above 
observations agree with the heats of formation of the three pentoxides ; 

2 CI 2 4* SOg '+ aq 
2Br2 -f 5O2 Hh aq 
2 I 2 -f 6 O 2 + aq - 


41*0 Cals. 
2Brgd6aq — 87*0 Cals. 
2 l 205 aq — 87*5 Cals. 


Millon’s yellow oxide IgO^ is probably a basic iodine iodate 0 = 1 — 10 ^. 

Iodic acid is an oxidizing agent. It oxidizes hydrogen sulphide with 
the liberation of iodine t 2^0^ +'51128,!=.' 58+'bH20 + I2 ; and. with 
hydriodie acid : HIO3 + 5HI = 31^ + .'This reaction .is peenHar 

in that it proceeds in the presence of potassium sulphate : 5ET + 
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+ 3H„SO, - 3 K,S 04 + 3H,0 + Sla. slowly at 80° than at 18°. 
In tiio'very groat majority of cases so far notioed reactjons progress faster 
the higher the tomporature. Iodic acid with sulphur dioxide: YHIOj 
J- 6SO, + 4H.0 = 5H,SOi + I.. This latter reaction is used as a test 
for iodUes. The solution is first . acidified with hydrochloric acid to 
liberate the iodic acid, and then mixed with starch paste. hulphuMUs 
acid, or an alkaline sulphite, is then added drop by drop. The 
liberated iodine forms " blue starch iodide,” the characteristic reaction 

Tto period of induction.—The reaction between sulphurous acid and 
an iodate is very interesting, because the iodine does not appear immediately 
the substances are mixed ; there is a well-defined period of time— period 
of induction— between the moment the reacting substances axe_ mixed, 
and t he moment iodine makes its appearance. The duration of the interval 
is dependent upon the concentrations of the solutions. This can be de- 
monstrated in the following, manner : Dissolve 1'8 gram of iodic acid in a 
litre of water ; also prepare a litre of an aqueous solution of 0'9 gram of 

sodium sulphite, Na2B0g.7H20 ; 10 per 
ceat. sulphuric acid, and 0*5 grams 
of starch made into a paste with hot 
water. Add 100 c.c. of each solution 
to separate beakers ; and mix the two. 
Note the time when the soiiitiona are 
mixed. Count the seconds which pass 
before the starch blue appears. Dilute 
each solution to 0*8, 0*6, 0*4, 0*2, of its 
former concentration, and repeat the 
experiments with the diluted solutions. 
Plot the results as has been done in 
Pig. 132. If the concentration and 
temperatoe be eonstaut, the same re- 
sults can alwa^ys be reproduced. It is 
supposed that the first action is due to 
iodic acid to hydiiodic acid : SHgSOg 4- 
when all the sulphurous acid has been oxi- 
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'O iO 2Q 30 4-0 3Q 

Time m seconds 
Fro. IS2 , — Period of Induction. 


the reduction of the 
+ and 

dized, this reaction is followed by the reduction of the hydriodic acid 
by the excess of iodic acid : HlOg -f 5HI = SH^O + 31,,. The first 
reaction — oxidation of suiphui'ons acid — must be nearly completed before 
the second one can start, because, as indicated above, the iodine with 
sulphurous acid reforms hydriodic acid. Since the maximum amount of 
iodic and sulphurous acids are present at the start, the first-named reaction 
must be fastest at the beginning and afterwards gradually slow down. 
Again, since the velocity of a reaction is proportional to the amount of the 
reacting substances present in the system, the second reaction will be 
the slowest at the start, and gradually become faster. The speed of 
formation of the iodine is therefore the resultant velocity of tw^o con- 
secutive reactions ; and the belated appearance of the iodine— the period 
of inductioii— oorresponds.with the time required for the first reaction to 
make enough hydriodic acid to enable the second reaction to make sufficient 
iodine to colour the starch. To summarize the successive steps in the 
induction of j*odic acid ;to,.iodine.j, 2HIO. 2HI where HI 


m 
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■represents an ‘^niitermediate' noinpound-’^'- 'Qharacteiistie of consecntiy© 
reactions generally. 

§ i2; Periodic Acid, and . Perbromic Acid* ' 

: It was once thought that perbromio acid —HBr04 could be made by 
tho action of bromine on perchloric acid; on perchlorates in the presence 
of potassium bromide; by the action of bromine on sodium periodate; 
or by, the action of pota.ssium' bromate on lead dioxide ; but the evidence is 
not satisfactory. What was taken to be perbromio acid was really a mixture 
of perchloric and sulphuric acids, and it is therefore somewhat doubtful 
if perbromio acid has yet been prepared. It is not certain if normal 
periodic acid— HIO 4-— -has been made, but a large number of related salts, 
classed as periodates, are known. These are somewhat difficult to under- 
stand because of their complexity, Our study of perchloric acid may help 
us a little. Starting from the assumption that iodine is septivalent m 
periodic anhydride— I 7 ; the constitutional formula of iodine heptoxid© 
will be; . ■ 

This compound has not yet been prepared ; when it is, we infer that it mil 
be analogous with the known corresponding compound of chlorine — OI2O7. 
By adding water step by step to this oxide, we can imagine the series of 
acids with the corresponding salts represented in the follow’ing table. 
Many salts have been isolated even when the corresponding acids are 
unknown. 

Table XIV, — The Periodic Acids. 


I207 

wuth 

: 1 

Compounds formed. 

Empirical 
formula 
of acid* 

Name of acid. 


.IHgO; 

IgOfiCOHla J or 2IO3OH ; 

I 

HIO4 

Meta-jjeriodio acid 

KIO4; Agl04; 
etc. 

2 HaO 

130,(00), 

il-IaOfl 

Dimeso -periodic acid 

No salts known 

3 H ,0 

Ig04(OH)3;or2IO2(OH)3 

Meso -periodic acid 

Ag^XUg ; 
Ph,(TO,),; etc. 

4H3O 

woms 

HsIsOn 

Dipara-periodic acid 

Salts have been 
reported; pro- 
bablv mixtures 

5H2O 

I^O^COHliojorSIOCOHly 


Para-periodic acid 

Ag,IO«; 

AggH^IOftietc. 

CHgO 

X,0(0B)^, 

HjalaQ 18 

Digrtho -periodic acid 

Salts have been 
reported; pro- 
badly mixtures 

mm 

l 2 (OB)ui or 2I(0H)7 


1 Ortho -periodic acid 

No salts known 


Homenclature of the periodic adds and the periodates.— When one anhydride 
forms a series of acids by union with different amounts of water, the acid con- 
taining most water is called the brthp-add— from the Greek op^ds (orthos), 
regular ; the other acids have prefisses, making para-acid— from the Greek trapd 
(para), beside ; meso-acid— from the:Gre,©k fiipps (meTOs)f middle, intermediate ; 
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and meta-acid — from the Greek fierd (meta), beyond, less than the highest. The 
di-acids are supposed to be formed by abstraction of one molecule of ^vater from 
two molecules of acid. It will be evident that if the acids are polybasic, we can 
imagine the available hydrogen atoms replaced one by one. If ail the available 
hydrogen atoms are replaced by bases, the normal salt is obtained ; if only one of 
the available hydrogen atoms is replaced, the primary salt; if two, the secondary 
: salt ; if three, the tertiary salt 

Secondary sodium para-periodate has the composition NagHglOg, 
thus correspoiKiiiig with para-periodic acid, or HIO4.4H2O. It can be 
prepared as a sparingly soluble salt by passing chlorine into an aqueous 
solution of sodium iodate and sodium hydroxide : NalOg -j- SNaOH 
-f Cio 2 XaCi -f Xa 2 H 3 l 06 . When sodium periodate is dissolved in 
nitric acid and silver ^^nitrate is added to the solution, cry^stals oi silver 
meta-periodate-— Agl04 — corresponding with meta-periodic acid, separate 
when tiie solution is concentrated by evaporation. 

Para-periodic acid, — ^^Vhen silver meta-periodate is boiled with water, 
an insoluble salt, secondary silver para-periodate, is formed along with 
para-periodic acid, HglO^, or HIO4.2H2O. Thus 2AgI04 -h 4H2G 
:=Ag2H3l06 -f HglOg. A^Tien the clear solution is concentrated, de- 
liquescent crystals of the para-periodic acid are obtained. This acid melts 
at and decomposes into iodine pentoxide, tvater, and oxygen at 150 ®. 
The w^atcr cannot be expelled by heat because oxygen is evolved along with 
the water. Periodic acid and neutral alkali periodates are reduced to iodates 
by hydrogen peroxide. If concentrated solutions of periodic acid and an 
excels of hydrogen peroxide be used, much iodine is liberated at the same 
time as the oxygen. Iodic acid and concentrated solutions of sodium 
Iodate are slowly reduced by 3 per cent, hydrogen peroxide. 

A small quantity of potassium periodate is said to occur in native Chili 
saltpetre, along vdth some sodium iodate. 


§ 13 . The Halogen Family of Elements. 

Sluorine, chiorme, bromine, and iodine together form a rema-rkable 
family of elements. Folio wijog J. J. Berzelius, the whole group is some- 
times called the halogens— from the Greek dks (hals), sea-salt; yewdeo 
(gennao), I produce. This name was applied because these elements — 
principally chlorine, bromine, and iodine — are found in sea- water, and the 
socliuni salts resemble sea-salt (sodium chloride). The fluorides, chlorides, 
bromides, and iodides are often called the halides. The graduation in 
characters which the halogens show wdth increasing atomic weights from 
fiuorine to iodine 3deld an almost perfect family series. The family 
relationship of the halogens is illustrated by — 

( 1 ) The similarity in the chemical and physical properties of the 
elements and their corresponding compounds is such that the properties 
of any one member of the family can be said to summarize or typify the 
properties of the other members of the series. 

( 2 ) The gmd^ml tramUim: ot chemical and physical properties such 
that if the elements he' arrayed, in order : F, Cl, Br, 1 , the vaiiation 
in any particular property , in passing from fiuorine to iodine nearly 
always proceeds in the same order, and that is the order of their atomic 
weights- 
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The relationship in the physical and cheniical properties of the halogens 
can best be emphasized by the tabular scheme. 


Table . XV. — Some Pbopeeties, op the Halogens. 


'.Property, 

Fluorine. 

Chlorine, 

Bromine. 

Iodine. 

Atomic weight ■ . , . . 

19 

35*46 

79*92 ' 

126*,29 

State of aggregation . . 

Gas 

Gas 

Liquid 

Solid 

Melting point .... 

-223° 

- 102 ° 

-7*3° 

, 4-113*' 

Boiling point . . 

-187° 

-33*6° 

58° to 63° 

183° 

Specific,: gravity . . . 

M4 (liq.) 

1*66 (liq.) 

3*19 (liq.) 

5 (solid) 

Atomic volume 

16-7 

22*9 

: 25*1 

.25*6' 

Colour of gas ... 

Pale yellow 

Greenish 

yellow 

Brownish 

red 

■■ ' Violet 

Solubility (100 grms. water 
at 20 °) dissolves grams. 

Decomposes 

water 

0*716 

'3*2 . ■ 

0*03 

0 xidi 2 ing action . 

Strongest 

Very strong 

Strong 

Weak 

Oxyacids 

. __ 

HCIO 

HBrO 

HIO 


HClOg 


— 


— .■ 

HCIO 3 

HBrOg 

HIO 3 


■ 

HCIO 4 

i — 

H 5 IOS 

Halides 

HF 

HCl 

1 ' , HBr 

I III 

1 


AU the halogens form compounds with hydrogen, and the readiness 
with which union occurs decreases as the atomic weight increases. The 
properties of the halogen acids and their salts show as striking a re- 
lationship as the elements themselves, and are shown in Table XVI. 


Table XVI. — The Peoperties of the Haloid Acids. 


Property,'";'...' 

Hydrogen 

fluoride. 

Hydrogen 

chloride. 

Hydrogen 

bromide. 

Hydrogen 

iodide. 

Molecular weight 

Boiling point. 

Melting point 

' 20- ■ ■ - 

36*46 

80*93 ’ 

127*93 

19*4° 

-.83*4° 

■—6.7*1°' 

— 35*5(4atm.) 

-92*3° 

-113° 

-^■.87*'9° 

—50*8° 

Solubility in water . . 

35*3% 

42% 

49 % 

57 % 

Specific gravity saturated 

aq. sol 

Boiling point aq. sol. 
Dissociates at . . . 

1*15 

1*21 

''■"■'■■ 

1*70 

111* (^3%) 

110° (20 %) 
1500° 

126° (47 %) 
800° 

127° (57 %) 
180° 

Heat of formation (Cals.) 

' , 4-'.',38*'5 gas. ■ 

4-22*0 gas 

.:.-i-,l,2*3,gaa 

4-0*4 gas 

Heat of formation of K 



95*3 

80*1 

salt (Gals.) . . : . 

110*6 

: :-l06*L 

Heat of neutralization 



' 67 Cals. 

57 Cals. 

XaOH 

68 C^IS i 

;-'.-5'T:CaIs, 

Potassium salt melts 


790° : 

750° 


Calcium salt melts . 

>1330° 

780° 

760° 


Solubility Ag salt (20°) 
per 100 grms. waiter . 
Solubility Ca .salt per 100 
e.c. solution . 

^1720 
0*0016 . 

0*00164 

, 42*7 

0*000084 

58*8 

0*0000028 

67*6 


Taking almost any jjroperty and comparing its magnitude in passing 
from fluorine to iodine, or from fluorides to iodides, a similar gradual 

^ Atomic volume is the atomic wdght divided by the speciflc gravity*, t - ^ 
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tcaiwition will be observed. Thus, witli the melting points of some 

halides : 



..Fluoride. ■ 

i 

Chloride. : 

■ Bromide, 

Iodide. 

OalciuiB ..... 

I 1361® . 1 

780® 

. 760° . . 

740° 

Barium ..... 

i 1280° 

960° 

880° i 

^ 740° 

Sodium ! 

[ 080°' ■ 1 

820° 

765° 

650° 

Potassium . . . . | 

885'’ 

: .1 

790° 

750° 

705° 

i 


The jump in passing from the fluorides to the chlorides is greater than 
witii the other steps in the series. With the alkaline earths this is supposed 
to !>e connected with the dibasicity of hydrofluoric acid. The solid elements 
form i.somorphous rhombic crystals ; and the halide salts are also usually 
isoniorphoiis. 

The boiling point and composition of the acid of constant composition 
of hydrotluoric acid is exceptional Hydrogen fluoride, HF, appears to 
be polymerized below 88®. Again, while the affinity of the halogens for 
hydrogen decreases with increasing atomic weight, the reverse is the ease 
with oxygen. But with oxygen the relationship is not so clearly defined. 
Thus although fiuorine forms no known compound with oxygen, numerous 
compounds of oxygen with chlorine have been obtained ; and, judging 
by the known compounds with oxygen, the affinity of bromine for oxygen 
appears to be less, not greater, than is the case with chlorine, although we 
must remember that bromine has not been investigated so much as 
chlorine* Bromine occupies an anomalous position with respect to oxygen. 
Ciilorine, bromine, and iodine unite with one another forming an unstable 
series of coniX)Ounds analogous with hypochlorites and chlorates, but the 
bromine analogue of perchlorates has not been prepared. 


Questions* 

1 . You are requii’ed to establish experimentally the validity or otherwise of 
the foliowiiig equation : CKOH -f SCIg === KCIO 3 + pKCl -f- 3HoO. Describe in 
detail the methods you would employ, --‘Scieme and Art Dept. 

2. Describe the preparation and properties of the oxides and oxy-acids of 
chlorine, What is imderstood by an endoihmnic compound, and by %vhat pecu- 
liarities are such compounds distinguished ? — Aberdeen Vnw. 

S. Make out a table comparing the various members of the chlorine family.—* 
Princeton Umi\, U.S.A, 

4. Calculate tlie percentage of “ active chlorine ’’ in a sample of bleaching 
powder irom the following data : 10 grams of the powder was extracted with 
500 c.cm. 01 water ; 25 o.cm. of the extract when added to an acidified solution of 
potassium iodide set free iodine equivalent, to 32*7 e.em. of a. N solution of sodium 
thiosulphate (Cl = 36'o ; I = 127).— DmV. 'North Wales. 

.5. Describe the methods by which iodic and periodic acids are best prepared, 
and discuss the evidence afforded by these compounds as to the valency of iodine* 
—tdcimce and Art Dept. 

8 . Hoxv can chlorine be prepared from bleaching powder ? What is the effect 
ot passing chiormo into an aqueous, solution of (a) hydrogen sulphide, ( 6 ) sulphur 
dioxide fc) potassium hydroxide, (d) potassium iodide 2-^Sheffield Univ. 
ttriJl . i?'. chemical similarity 'between chlorine, bromine and iodine* 

^ .BCow.is '©aoh of those olomonte set free from a salt 

mnimnmg it ^Sheffield Pcienii^ School p.S.A, - ^ . 
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8. _ Three ^saits are known ■which contain oxygen in addition to potassimn and 
chlorine, Write the formui® of these salts and explain ho-w each salt can be 
(a) prepared, (6) recognized, (c) made to furnish dhloTine,~~Shc(ficId Univ. 

9. Make a chart of the halogens (a) in the order of the atomic 'weights ; (6) 
giving the colour of each ; (c) giving the physical state of each ; {d) and the re- 
lative stability of the common acids. — Amherst Coll,, U.S. A. 

10. Give the law of multiple proportion, illustrating from the series of chlorine 
oxysiCiids,.-----Amherst Coll,, U,S,A. 

11. It has long been known that the decomposition of potassium chlorate is 
effected at a lower temperature in the presence of certain metallic oxides, that 
bleaching powder will yield oxygen in the presence of cobalt oxide, and that 
oxygen is evolved from hydrogen peroxide by the addition of finely divided silver 
or platinum What explanations can you give of such changes ? — Science and 
Aft Dept, 

12. Compare and contrast the properties of hydrogen fluoride and of liydrogen 
chloride ; and the properties of the perchlorates wdth those of the periodates— 
Owens Coll, 

13. “ The most important compounds of chlorine with hydrogen and oxygen 
are hypo chlorous acid, chloric acid, and perchloric acid.” Describe how^^you 
would prepare each of these acids from chlorine as the starting product. By what 
reactions could you distinguish hydrochloric acid from hypochlorous acid ?— 
London Univ, 

14. How do you account for the greater stability of perchloric as compared 
with chloric acid ? — Board of JSduc, 

15. What is meant by saying that fluorine is a “ halogen ” ? Compare its 
properties with those of the other halogens, and describe the preparation of two 
fluorides, one of a metal, and the other of a non-metal, beginning •with the fluorine 
in the form of fluorspar. — London Vniv, 

16. Trace the successive reactions involved in the production of hypochlorites, 
chlorates, ^and perchlorates, discussing foi’ each stage the chemical change which 
occurs in it, and the conditions under which it takes place. By what properties 
are these salts severally distinguished ? — Board of Educ, 

17. What products may be obtained by the electrolysis of sodium chloride 
under difl’erent conditions ? State the conditions in each case, and give equations 
when possible.-^Pa??,/a6 Univ, 

18. Calculate the volume of moist nitrogen at 20° and 770 mm, that w'ould be 

theoretically obtained by the action of 0*26 grm. of ammonium chloride upon a 
solution of sodium hypochlorite (H « 1, = 14, Cl 35*5 j pressure of aqueous 

vapour at 20° = 17*4 mm.). — Madras Vniv, 

19. Describe the process of bleaching with bleaching powder. What pre- 
cautions have to be taken in preserving bleaching pmvder ? Give reasons. 
Ho-w would you compare in an exact manner two specimens of bleaching powder ? 
— Calcutta Univ, 

20. How is perchloric acid prepared and how is it distinguished from hypo- 
chlorous and chloric acids. — Science and Art Dept. 

21. Describe the methods by which iodic and periodic acids are best prepared, 
and discuss the evidence afforded by these compounds as to the valency of iodine. — 
Science and Art Dept, 

22. How can hydriodic acid and iodic acid be severally prepared from iodine? 
What is the action of silver nitrate on each in aqueous solution, and what happens 
•when aqueous solutions of these acids are mixed It’-^Londcn Univ, 

23. Write an account of iodic acid and the iodates, — Science and Art Dept, 

24. 20 grms. of bleaching po'wder were made up ■n^ith water to a litre, and 
25 c,c. were titrated with a standard sodium arsenite of such a strength that i c.c. 
corresponded with 0*00355 grm. of chlorine. After adding 40 c.c. of the standard 
solution, a drop of the liquid being titrated gave no coloration with starch and 
potassium iodide. Bequired the percentage amount of available chlorine. Here 
46 X 0*00355 = 0*163 grm. of chloiine per 25 c.q. of solution, or 6'6 grms. per 
1000 c.c. of solution or 20 grms. of sample, etc, 


CHAPTER XYI 

Elegthoia^sis and the Ionic Hypothesis 

§ 1. The Products of Electrolysis. 

The electricity which decomposes and that which is evolved by the decom- 
position of a certain quantity of matter are the same.- — M. Fakaday. 

One or both of the products of electrolysis may be axi insoluble solid, 
a soluble liquid, a gas, etc. When an insoluble solid is formed, it will either 
stick to the electrode or fall to the bottom of the electrolytic ceil (Fig. 7 ) ; 
if a gas, not too soluble in the electrolyte, he formed, the gas can be collected 
as indicated in Fig. 19. Soluble substances are not alw^ays visible when 
in solution. The soluble matters can often be isolated more or less com- 
pletely by suiTounding the proper electrode with a porous pot wiiich retards 
the diffusion and mixing of the products separated at the two electrodes. 
This is done, for example, in the industrial preparation of chlorine. 

It will be remembered that during the electrolysis of copjier sulphate, 
the products of the electrolysis were ; copper, sulphuric acii and oxygen. 
This is more than was present in the copper sulphate used at the start. 
It is therefore assumed, as a trial hypothesis, that ions Cu and SO4 are pro- 
duced at the electrodes during the passage of the current ; that the copper 
cation carries a positive charge of ekctricitj^ and the SO4 anion a negative 
charge. Consequently, the Cu ion will be found at the negative electrode, 
and the SO4 ion at the positive electrode. The ions are de-electrihed at the 
electrodes : the Cu at the cathode, and the SO4 at the anode. The de-elec- 
trihed copper ions are deposited as metallic copper about the cathode ; and 
the de- electrified SO 4, at the anode, reacts at once with the solvent (water), 
producing sulphuric acid and ox^^gen : 2SO4 + 2H2O = 2H2SO4 + 
When an aqueous solution of potassium nitrate is electrolyzed, potassium 
hydroxide and gaseous hydrogen are formed at the cathode ; and nitric 
acid and oxygen at the anode. It is assumed that the potassium nitrate 
is first decomposed into two electrified ions, K and KOg, at the elec- 
trodes ; and that the K ion, when de-electrified, reacts with water at the 
cathode, producing potassium hydroxide and hydrogen ; and the KOs 
ion, "when de- electrified at the anode, reacts with water, giving nitric acid 
and oxygen : 4NO3 -f 2H2O == 4HKO3 + 0 ^. 

Again, if a solution of silver nitrate foe electrolyzed with silver electrodes, 
metallic silver is deposited at the cathode, and the nitric acid produced at 
the anode attaclfs and dissolves the cathode-forming silver nitrate. This 
explains how the total concentration of a solution of silver nitrate does 
not alter if electrolyzed in, a cell/ with a silver anode. The nitric acid 
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prodixces more silver iiitrate as fast as it is formed. Similar remarks 
apply to the electrolysis of solutions of copper sulphate with a copper anode, 
etc. ; of ferrous ammonium sulphate with an iron anode: of nickel 
ammonium sulphate with a nickel anode ; etc. 

Eiectroplatingc— If copper sulphate were used as electrolyte in place, of 
zinc sulphate, Fig. 7, metallic copper would be precipitated at the cathode, 
and sulphuric acid would have been formed about the anode ; with silver 
nitrate, metallic silver would collect about the cathode, and nitric acid 
about the anode. If a plate of silver be used as the anode during the 
electrolysis of silver nitrate, metallic silver will be dissolved by the nitric 
acid as fast as the acid is formed. Thus, the concentration of the silver 
nitrate in the solution will remain unchanged and metallic silver wall be 
transported to the cathode. This is the principle of the method of electro- 
plating. In the ease of silver plating a firmer and more uniform deposit 
of silver is obtained by using a solution of silver cyanide in potassium 
cyanide as the electrolyte in place of silver nitrate. The article to be 
plated, say a brass spoon, is attached to a wire and dipped in the solution 
of silver salt, and this is made the cathode. A bar or sheet of silver is made 
the anode. A rather weak electric current is sent tlmough the electrolyte. 
The electrolyte is decomposed, and silver (cation) is deposited on the article 
to be plated (cathode) ; the anion collecting at the anode dissolves the 
silver anode, and thus keeps the strength of the electrolyte unchanged. 
What is dissolved at the anode is deposited at the cathode. Salts of 
other metals — ^nickel, iron, gold, copper, platinum, etc. — can be used as 
electrolytes in a similar manner, and accordingly articles can be nickel- 
plated, gold-plated, etc. The plated articles may be afterwards burnished. 

We first inquire if there is any relation between the quantity of elec- 
tricity passing through an electrolytic ceil and the amount of decomposi- 
tion. In order to fix a standard of measurement, let the quantity of 
electricity required to deposit 0*001118 gram of silver be called a coulomb. 
This is the so-called unit quantity of electricity. Hence 108 grams of silver, 
that is, a chemical equivalent of silver, will be deposited by 96,540 coulombs 
of electricity. This amount of electricity is often called a farad. The 
quantity of an element liberated by the passage of one farad of elec- 
tricity is called the electro-chemical equivalent of the element. 

The so-called “ hydraulic analogy ” of an electric current might liere be cited 
to remind the student what he probably learned in “ Phjj’sics.*’^ The quantity of 
water flowing through a pipe can be expressed in gallons or cubic feet |3er second ; 
in a similar way, quantity of electrici^ may be expressed in terms of coulombs 
per second. An electric current carrying one coulomb per second is called an 
ampere. This is the so-called unit current of electricity-^e.,?;. if r>0 coulombs of 
electricity pass through a circuit in 20 seconds, the current is CO -f- 20 = 3 amperes 
{Ae. 3 coulombs i)er second). A coulomb by the analogy would correspond with, 
say, a gallon or a cubic foot of water ; and an ampdre with a gallon or cubic foot 
of water 'per secoyid. The total quantity of water delivered by a pipe is deter- 
mined by the “ head ” or pressure of water, so that in order to pass a certain 
number of gallons per second through a given pipe, a certain pressure must be 
applied to overcome the frictional resistance of the pipe. In the same way, a 
certain electromotive force — electrical pressure — ^is required on account of the 
resistance offered by the %vire to the flow of electricity. Just as water pressure is 
measured in pounds per square inch, or in feet “ difference of level or “ head,“ 
so the unit of electrical pressure, the volt, is the difference of potential needed to 
produce a current of one ampere in a -conductor whose resistance is equivalent 
to that of a uniform column of 14*45 grams, of .me^ury, 106*3 cm. long. The resist- 
ance of such a column is called an ohm; Hence a volt is the electric pressure 
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iTTuiirr-d t o protiuce a, ciirreat of one ampere in a conductor of ono ohm resistance. 
The terras voltage, electrical pressure, and electromotive force arc generally applied 
sv'ionyinouslv to im electric current, or, if the current is not directly under con- 
sulMution, tlio term difference of potential is used. It is of course needless to 
dwell on the fact that the analogy used above in comparing an electric current with 
a ino\-ing fluid is merely a convenience. It is probable that electricity is not a 
duid, [ind the analogy must not be carried much further. 


§ 2. Faraday*s Laws of Definite Electrolytic Action. ; 

Xature presents us with a single defeiite quantity of electricity. For each 
chemical bond which is ruptured mtliin an electrolyte, a certain quantity 
Mf ckciricity traverses tlie electrolyte which is the same in all cases.-- 
, . Cr. J, bl'OKEV. 


M. Faraday (1834) found that the amount of chemical work done by 
an cloctrie current is directly proportional to the quantity of electricity 
which passe.s through the electrolyte. If one farad leads to the separation 
of 108 grains of silver, two farads will lead to the separation of 216 grams of 
silver, and so on. 8imilar results are obtained with other electrolytes. 
Hence, said Faraday, the chemical decomposing action of a. current is, 
constant for a given quantity of electricity.’’ Or “ the quantity 



of chemical ilecomposition is exactly proportionate to the quantity of 
electricity which has passed through the electrolyte ” ; and consequently, 
I ^ “ the products of 

decomposition » , . 
afford a very ex- 

VlicCeas ceUent and va|u. 

y*» ^ measure of 

oloetrioity con- 
cerned in their 
Cu Au Sn evolution.” The 




Fig, 133. — Ex-poriment illiisfemting Faraday’s Law’s, increase in the 

weight of, say, the 

negative electrode during the electrolysis of silver nitrate, or copper 
plphate owing to the deposition of metallic silver or copper respectively, 
is a measure of the quantity of electricity w-hich has passed through the 
sptem. A ceil specially designed for such measurements is called a 
silver voltameter or a copper voltameter respectively. 

Provided there are no disturbing secondary actions, the amount of 
eieelro-docomposition is not.afcted by the strmigth (or intensity) of the 
current, the time the current is passing, the concentration of the solution, 
the nature of the dissolved substance, nor by the temperature. The same 
quantity of electricity will always liberate the same quantity of the 
eleinents stated. The accuracy of the law is said to have been established 
for currents so small that a century would be required for the separation 
of a mlliigram of hydrogen ” and in large electrochemical w^orks, the law 
IS eontinually being verihad by the passage of millions of coulombs. In 
every case, the law describes the phenomena exactly. 

^ Again, let a current be SimuMmomly passed tluough six cells con- 
taining respectively dilute sulphuric acid, aqueous solutions of silver nitrate, 
cirrous chloride, cupric , sulphate, " gold chlorida, and stannic chloride. 
Ihe experiment Is conducted by'arranging the electrolytic ceils as illustrated 
in the plan, Fig. 133, ' After about half: an hour's electrolysis the amounts 
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of the different elemeats collected at : the cathode can be 'sveighed or 
meaeBred, The results will be very nearlj- : 

Dilute HaSOj AgNO, CuCl C11SO4 AuCI, SuCL 
'■***'^^ ' :.(acid ' ■ ■ ■ 

Cathode, Attode, ■ '■ sol.) 

, Hydrogen. ' Oxygen, Silver. Coppei', : Copper. Gold, ■ Tin, ' 
.Amount found . 0-266 .0-2126 2*9370 " I- 6900 0*8440 1*7476 0-7664 gram 

IfH=l.v . 1.. 8, 108 63-6 31*8 65*7 ,29*8 

Atomic, weight , 1*01 16 107*9 63-6 ■ 63*6 i97’2 ' 119 

Valency . . 1 ■ ,2 ' l ■ ,i 2 '3 4 ■ 

Accordingly, cliemioally cquiYalent quaiititiegt of the diSereiit elements 
(that is, atomic weight -4- valency) are liberated by the passage of the 
same quantity of electricity. Consequently, the electrochemical equivalent 
of an element is numerically the same as the chemical equivalent. 

At first sight, this result appears to contradict the principle of excluded 
perpetual motion, because, if the current from a ZiiltLySO^Pt battery be 
sent through an indefinite number of electrolytic cells containing dilute 
sulphuric acid, the same amount of hj^drogen would be libei-ated in each, 
and sufficient hydrogen could be collected to furnish, on combustion, 
enough heat to evaporate the solution of zinc sulphate in the batter}^ to 
dryness, to transform the zinc sulphate to metallic zinc and sulphuric acid, 
and so reconstruct the battery ; and have some hydrogen remaining in 
excess. The experiment fails. The current wdll not traverse an 
indefinitely large number of cells. W. H. Wollaston showed in 1801 that 
in dealing with electiical energy we are concerned vdth two different 
factors, and that quantity of electricity ” is only one of these factors. 
Faraday’s law describes the influence of “ quantity of electricity ” upon 
electrolysis. It says nothing about the electrical pressure — the electro- 
motive force, described in volts-r~required to drive the necessary quantity 
of electricity through the system. Hence Faraday’s work may be sum- 
marized : The same quantity of electricity passing through one or more 
electrolytes connected up in series, will liberate in each cell chetnically 
equivalent amounts of the products of electrolysis, provided the electro- 
motive force permit the necessary current to be maintained. It might 
here be added that, for reasons which will be discussed later, a certain 
specific electrical pressure or voltage — called the decomposition voltage 
—is required to electrolyze a given solution; thus, hydrochloric acid 
requires about 1| volts, and fused sodium chloride about 4 volts. 

Let each positive charge of electricity be rejiresented by a small dot, and each 
negative charge by a small dash at the tipper right-hand corner of the cliemicul 
symbol for an element, then, a silver ion will be ■written Ag* ; a zinc ion by Zrr* ; 
a nitrate ion, NO3'' ; and a sulphate ion by In the eiectrolj^sis of aqueous 

solutions of salts, etc., the separation of an ion at one electrode is always attended 
by the separation of a chemically equivalent ion or ions at the oilier electrode. 
For instance, with zinc chloride, for every Zn** which is de -electrified at the 
cathode, two CT ions will be de-electrified at the anode. 

We have just seen that the electrochemical and chemical equivalents 
are numerically the same, and therefore the electrochemical equivalent 
of an element is obtained by dividing the atomic w-'cight by the valency. 
The same quantity of electricity— -positive or negative— must therefore 
be carried by each univalent atom, and , accompany it in all its movements 
in the electrolytic fluid* This quantity, ffias been called unit charge of 
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the ion. This seems rather startling, for it seems to imply that an electric 
charge is dhrisible not into fractions of a charge, bnt there may h 
?i-multipies of unit charge so that a univalent ion carries one charge of 
eieotricity (96,540 coulombs), a bivalent ion, two charges, and an w- valent 
ion, % charges. According to this view, valency represents the number of 
charges of electricity which are associated with the respective ions, and 
chemically equivalent quantities of matter have the same' capacity for 
electricity. The chemical equivalent is the electrical unit of matter ; or, 
as IVraday expressed it : 

Tlie equivalent weights of bodies are simply those quantities which contain 
equal quantities of electricity, or have naturally equal electric powers j it being 
electricity which determines the equivalent number, because it determines the 
combining force. Or, if we adopt the atomic theory or phraseology, then the 
atoms of bodies which are equivalent to each other in their ordinary chemical 
action have C'quai quantities of electricity naturally associated with them. 

Quantity of electrolytic work done by a current.—M. Faraday has 
shown that the amount of chemical decomposition in a given time depends 
upon the amount of current employed ; and that the one magnitude can 
be computed when the other is known. To find the relation between the 
chemical equivalent of an element and quantity of electricity, let e 
denote the chemical equivalent of a substance ; then the weight w of an 
element liberated by constant quantity of electricity is proportional to 
€ ; but IV is also proportional to the quantity of electricity C ; and there- 
fore tv = k€0, where k is a constant sometimes called Faraday^ s constant 
If suitable units be chosen, to = eC. Consequently, the electrochemical 
equivalent of an element is the amount in grams liberated by one coulomb. 
Careful measurements have shown that O'OOlllS grm. of silver will be 
deposited by one coulomb. Since the chemical equivalent of silver is 
very nearly 107*88, hydrogen unity, 0*001118 grm. is 107*88 times greater 
than the amount of hydrogen which will be separated by a coulomb ; 
accordingly, 0*00001036 grm. or 1*036 X 10“® grm. of hydrogen will he 
separated hy the passage of one coulomh of electricity. The electrochemical 
equivalent of univalent copper is 63*5 X 1'036 X 10“®; of bivalent copper, 
■J of 63*5 X 1*036 X ; of ferrous iron, Jof 56 X T036 X 10“® ; of ferric 
iron, -J- of 56 X 1*036 X 10“* ; and generally, if € denotes the chemical 
equivalent of an element — that is, atomic weight ~ valency — the electro- 
chemical equivalent is 1'036 X Again, if a coulomb of electricity 

liberates 1*036 X lO-® grms. of hydrogen per second, a amperes will 
liberate 1*036 X gi*ms. per second, and generally, the numher of 

grmyjs of an element whose chemical equivalent is liberated hy the passage 
of a amp^es of electricity flowing for t seconds is 1*036 X 10“® eat If e 
denotes the electrochemical equivalent of an element, such that e = 1 *036 
X lO'"®^, the number of grams of an element whose electrochemical equi- 
valent is € liberated by the passage of a amperes flowmg for t seconds is 
eat It also follows that T036 X lQr^A[n grms. of an n- valent element of 
atomic weight A, will be deposited per coulomb. By Avogadro’s rule, 
a gram-molecule of a gas — of molecular weight M and A- atoms per mole- 
cuIe-~occupieg 22*4x103 c.c. Hence (22*4 x 1*086 X 10“-)/A% c.c. of 
the gas are given off per coulbmb. For a univalent gas with two atoms 
per molecule, N = I, n 5 = and I therefore 0*116 c.c. are obtained per 
coulomb at n.p.t., or 8*6193 coulombs. a»re required per c.c* of gas. This 
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corresponds with 0*4176 litre per ampere hour, or 2*3943 amp tos are 
needed per litre of gas ; or with 14*750 c. fL are liberated per 100 amp. 
hours, or 67*798 amps, are needed per cubic foot of gas. 

Examples.->-(1) All ekctric current is passed simultaneously through the 
following solutions ; Hydrochloric acid, ferrous sulphate, ferric' sulphate, and 
silver potassium cyanide. If 5*2 litres of hydrogen at ii.p.t. were evolved from 
the hydrochloric acid, how much metal would be deposited in the case of the iron 
and silver salts ? Here 5*2 litres of hydrogen weigh 0*4064 grm. The chemical 
equivalent—^that is, one gram — of hydrogen is equivalent to | of 56 == 28 grms. 
of ferrous iron ; to 18*67 grms. of ferric iron ; and to 108 grms. of silver. Hence 
0*4664 X 28 =: 13 ^ms. of iron will be deposited from the ferrous sulphate; 
3*7 grms. from the ferric sulphate ; and 50*1 grms. from the silver solution. 

{2} A current of 0*04 amp, was passed through a solution of copper sulphate 
for Tl hrs. Hence, how much copper was deposited when the electrochemical 
equivalent of copper is 0*000329 grm. ? There are 5400 seconds in 1|- hrs., hence 
0*000329 X 0*04 X 5400 grms, of copper were deposited. 

(3) A current of 2^- amps, was obtained from a voltaic cell for 27!- hrs. How 
much zinc was dissolved, given the electrochemical equivalent of zinc is 0*000337 ? 
Ansi*. 6*8 grms. 

(4) What are the electrochemical equivalents e of hydrogen, of copper (cupric), 
and of zinc ? Hydrogen, 1*036 x 10 -^ x 1 = 0*00001036; copper, 4 of 63*5 
X 1*036 x 10-5 = 0*000329 ; zinc, 4 of 65 X 1*036 X lO-S == 0*000337“ 

(5) In C. Hopfner’s method (1900), a solution of cupric and sodium chloi*ides is 
used as electrolyte and the copper passes into solution as cuprous chloride. Com- 
pare the quantity of electrical energy required to precipitate copper from Hopf- 
ner’s solution, and from a solution containing copper sulphate. Here bivalent 
copper requires 2 x 96,540 coulombs for precipitating 63*57 grms., while univalent 
copper requires but 96*540 coulombs for precipitating the same weight of copper. 
Hence the precipitation of a, given weight of copper from cuprous chloride requires 
but half the electrical energy as that required when cupric sulphate is used. 


H. von Helmholtz (1881) has emphasized the fact that the evidence 
indicates that electricity associates with the atoms of matter in multiples 
of one fundamental quantity, but never in fractions of it ; these fractions 
may not be impossible, but they have not yet been found. Hence the 
evidence for the atomic nature of electricity is much the same as for the 
atomic nature of matter. The charge on a monad atom is therefore a 
natural unit of electricity. To illustrate the prodigious electrical capacity 
of the molecules, H. von Helmholtz estimates that if the opposite electricities 
were extracted from a mihigram of water, and given to two spheres a mile, 
apart, these two spheres would attract each other with a force of ten tons. 

Berzelius’ duaiistic theory. — According to J. J. Berzelius (1812) each 


element possesses a definite quantity of positive or negative electricity 
as an integral part of its constitution, and “ every chemical action is funda- 
mentally an electrical phenomenon,” and “ electricity is the first cause of 
all chemical activity.” The varying degrees of chemical affinity w*ere 
supposed to imply that the different substances were charged with varying 
qmntiiies of electricity. When, say, sodium unites with oxygen to form 
the base sodium oxide, NagO ; and sulphur with oxygen to form the acid 
anhydride sulphur trioxide, SOg, primary compounds or compounds of 
the first order are formed. But the electrical attractions were not sup- 
posed to be always neutralized during the formation of these primary 
compounds, for the excess of positive or negative electricity caused a 
further attraction between the acidic and basic radicles, and resulted in the 
formation of compounds of higher orders. 

The duaiistic theory reigned supreme in chemistry for many years, 
but it was practically abandoned when Avogadro’s hypothesis was generally 
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accepted, becaits© Berzeims’ theory was incompatible with such a com^ 
paratively simple reaction as 2Hg 4- Og = 2H2O. According to Berzelius, 
the compound nature of oxygen is due to different electrical charges on the 
coniponent atoms of the molecule. This does not agree with the supposed 
identity of the resulting two molecules o£ water, H2O. Again, J. B4 ^ ^ 
33umas (1834:) showed that the hydrogen atoms in compounds lilce CH4 
can be replaced one by one by atoms of chlorine. J. J. Berzelius had 
postulated that hydrogen is an electro-positive element, and chlorine 
electro-negative as exemplified in hydi’Ogen chloride. Here, in Dumas’ 
substitutions, a negative element can be exchanged for a positive element 
without fundamentally altering the chemical character of the resulting 
compounds. Bacts lilce these brought Berzelius’ theory into disfavour. 

Faraday often expressed his conviction that “ the forces termed 
chemical affinity and electricity are one and the same ” ; and that 
‘‘ chemical affinity is a consequence of the electrical attractions of particles 
of different kinds of matter.” Contrary to Berzelius’ assumj)tion, Faraday 
proved that on electrolysis definite and fixed quantities of electricity are 
associated with the atoms of matter, although atoms of the same kind of 
matter in different compounds, on electrolysis, might be charged with 
different yet definite quantities of positive or of negative electricity. 

These statements are not antagonistic to the kmetic theory of atoms ” 

§ 3. The Velocity of Electrolytic Conduction. 

The conduction of electricity through electrolytes is utterly undistinguishable 
from metallic conductors, except for the action at the electrodes which is 
not part of true conduotion at all. — J. T, Spba-GUE. 

An electric current travels through an electrolytic solution as quickly 
as if the. same current were sent through a copper wire of the same resist* 
ance, and the products of electrolysis appear simultaneously at both 
electrodes, however far apart the electrodes be placed. N. M. Hopkins 
(1903) passed a cun’ent through a tube 1500 cm. long, and through another 
tuba 10 cm. long, and measured the time required for the current to pass % 

by means of a chronograph sensitive to nearly 10,000 cm. per second. 

The tubes were filled with dilute sulphuric acid and fitted with electrodes — 



the anode of copper, and the 
cathode of platinum. As soon 
as the current passes, bubbles 
of hydrogen appear at the 
cathode simultaneously with 
the blue colour of copper 
sulphate at the anode. The 
electrolyte 1500 cm. long con- 
ducted as quickly as an elec- 
trolyte 10 cm. long. The 
experiment can be illustrated 
by the apparatus sketched in 
Fig. 134, which almost ex- 
plains itself. The long spiral 
tube contains the electrolyte 
le circuit is closed, electrolysis 
if the two terminals of an electrie 


Fim 134. — Yeloeity of Electrolytic Conduction, 
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ciroiiit were' on.:. opposite' sides . of the; Atlantic' 'ocean, and a current W'-ere 
'. 'Sent' through the cireiiit,. hydrogen 'would -appear on one side and oxygen 
onLhe other, and ill anioimts defined by Faraday’s law of electrolysis.’’ 

The known rates of difiusion of molecules in solutions are altogether 
too slow to allow the S'O,! which attacked the copper to have coiner from 
the . same HgSO^ ..molecule, as the hydrogen- liberated . at,' the .catliocle. 
Further,' it, is,,, supposed that, the electrical energy used in electrolysis is 
.-entirely expended in o^^-ercomiiig the resistance of the electrolyte, and no 
measurable quantity of wnrk is needed for tearing apart -the. components 
of the decomposing molecule. Hence it follows that the molecules of an 
electrolyte in solution must be in a condition to conduct the electric 
current immediately the necessary electrical stress is applied to over- 
come the resistance of the liquid. 

§ 4. The Effect of the Solvent. 

Those bodies only are electrolytic which are composed of a conductor and of 
a non-conductor. — \X, A. Miller. 

The more care taken in the purification of water, the less does it con- 
duct electricity, and consequently, it is assumed that pure water is a 
non-conductor, in spite of the fact that perfectly non-conducting water 
has not yet been made. Pure dry liquid hydrogen chloride, lil^e water, 
appears to be a non-conductor. A mixture of w^ater and hydrogen chloride 
is.an electrolyte. Hence it is inferred that the electroi 3 d:ic conductivity of 
a solution is a property of solvent and solute, and not a property of either 
constituent alone. Solutions of diy^ hydrogen chloride in some solvents 
— e,g, dry henz^ene or chlorofoim — ^conduct electricity so feebty, if at all, 
that they are said to be non-conducting, and solutions of some substances 
■'in water conduct no better than water itself — e.g. solutions of sugar or 
alcohol in water. Hence also, it follows : the electrolytic conductivity 
of a solution depends upon some specific relation between the solvent 
and the solute. In a general way, aqueous solutions of acids, bases, and 
salts conduct eiecmcity, and these substances are often called electrolytes, 
not because the salt conducts the current, but because their aqueous 
solutions conduct the current electrolyticaHy. Some fused salts— e.f/* 
silver chloride — conduct electrolyticaHy, e.g. with fused silver chloride 
and silver electrodes, silver is dissolved at the anode and deposited at the 
cathode, so that the total amount of silver chloride remains constant ; 
with carbon electrodes, silver is deposited on the cathode, and chlorine is 

• evolved at the anode. 

§ 5, The Ionic Hypothesis. 

In framing hypotheses we must see that they agree with facts ; in other 
respects they may be as inconceivable (not self -contradictory) as any fairy 

• ; , taia.— M* Mt P. Mxjir. 

Let us learn to dream, then perhaps we shall find the tmth. — A. Kekulie, 

. The main facts so far established by our discussion of the phenomena 
attending, electrolysis may now" be sumniarized ; - 

■(1) Electrolytes in solution conduct elmtridty, mi the process of 
electrical conduction is attend by a splitting of the molecules 
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of the solute into anions and cations ; the anions appear at the 
anode, and the cations at the cathode. The separation of a 
certain number of anions at the anode is simultaneously attended 
by the separation of a chemically or electrically equlYalent 
number of cations at the cathode. Buring eiectrol^^^ 
anions and cations appear to be discharged electrically, because 
electrically neutral molecules appear as secondary products of 
the electrolysis. 

(2) The anion which separates at the anode is not necessarily derived 
from the same molecule as the cation which appears at the 
cathode. 

(^) Solvent and solute together make a conducting medium, since as 
a rule neither solvent nor solute alone shows a marked capacity 
for conducting electricity. 

(4) Xo measurable time is needed to put an aqueous solution in a 

condition to conduct the current. Immediately the necessary 
difference of potentiaT appears at the electrodes the process of 
electrolysis begins. 

(5) . Osmotic pressure and related phenomena show that electrolytes 

in dilute solution have what seems to be a molecular w^eight, 
which suggests that the ordinary ” molecule of the electrolyte 
dfssolved in certain solvents is dissociated into t^wo parts. 

As a trial hypothesis it may be assumed that the mere presence of the 
solvent leads to the fission of the molecules of the electrolyte into sub- 
molecules, each of -which is charged with a definite amount of positive or 
negative electricity equivalent to 96,540 coulombs per chemical equivalent. 
The solution does not itself appear to be electricaffy charged, and hence 
it is assumed that equal quantities of positive and negative electricity are 
developed by the rupture of the molecules of the electrolyte during the 
process of solution. Solutions of electrolytes are supposed to normally 
contain a definite proportion of the sub-molecules charged with electricity. 
By a modification of Faraday’s definitions (p. 38), the “ sub-molecules ” 
are called ions, and consequently : ions are atoms or groups of atoms 
which carry a positive or negative charge of electricity, and they are 
.formed by the dissociation of the electrolyte in the solution. Each 
molecule, on dissociation, furnishes two kinds of ions with equal and 
opposite charges of electricity. Consonant •'vith Faraday’s laws, it is further 
assumed that each ion carries a definite charge of electricity (96540 
coulombs) — a dyad atom carries two such charges ; a triad atom, three 
charges, etc., but never a fraction of a charge. To avoid confusing the 
phenomenon of dissociation in which the products are not charged elec- 
trically with the dissociation of a molecule into eleotiicaily charged ions, 
the term ionization is reserved for the latter phenomenon. The ionization 
of hydrochloric acid is represented in symbols : HCl ^ H* GF ; and 
of sodium chloride : NaCl + GF, This startling hypothesis appears 

so incredible and so opposed to the instinct, ‘‘ common sense,” or prejudices 
of the chemist that it has been assailed by much wholesome criticism- — 
particularly by H. E. Armstrong. For instance, it is asked i 

L In view of the gr ml chemical activity of metallic sodium in contact with 
water f is it proflialle to posiulat'e the existence of the element sodium in co?i- 
tact ivith water without acti^ Tliis objection is said to “rest 
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on a misunderstanding,” because elmtrimlly charged imis of sodium in an 
aqueous solution of sodium chloride are very different from neidral atoms 
of metaHio sodium. The ions of sodium carry large charges of electricity. 
It is urged that:. “ chemists hnow practically nothing, about the properties 
of atoms .carrying lai’ge charges of electrical onergy,”' and, also that '' the 
chemical actmty of an ‘ atom ’ of sodium charged with, its 96,540 coulombs 
of electricity is much less than a neutral atom of sodium.” In other words, 
the presence of the electrical charge on the sodium ion keeps the ordinary 
chemical activities of the atom in abeyance. This means that whenever 
a chemical difficulty arises in the application of the ionic hypothesis the 
assumption is made that ‘‘ neutral atoms or atomic groups and ions are 
different substances,” because the properties of a substance are determined 
as much by the energy it contains as by the kind of matter. In this -way, 
the ions have been invested with such imaginary properties as may he 
needed to keep the ionic hypothesis consistent with facts. 

When the atoms or molecules of certain gases exist free in a liquid the 
gases can generally be removed, but when, say, sodium chloride is ionized, 
NaCl^Na* + CiVwe are told that the ciilorine does not escaj^e because 
the chlorine ions, in virtue of their charge, cannot leave the, hqiiid. 
Tolman, however, whirled aqueous solutions of sodium, potassium and 
hydrogen iodides in tubes in a pow^erful centrifugal machine, and found that 
the ends of the tubes acquired charges of opposite kind. The extreme ends 
of the tubes acquired a negative charge, attributed to the accumulation of 
the heavier positively charged iodine ions. The evidence is not complete, 
since electrical eff’ects can be produced by rapid motions in air, 

2, Compoimds like mercuric chloride^ mry prone to thermal dissocmtimis 
are not 7'eadily ionized ; while compounds like calcmm chloride which resist 
thermal dissociation are readily ionized. Would mot the ionic hypothesis 
predict the converse phenomena ? Mercuric chloride is very volatile and 
readily dissociates into its elements by heat ; calcium chloride, on the 
contrarj^, does not readily volatilize or dissociate except at very high 
temperatures, yet it is said that the latter is readily ionized in solution 
while the former remains all but unchanged. Here again it is said that 
totally different phenomena are confused, and that the forces wdiich pro- 
duce ionization are quite different from those wdiioh produce thermal 
dissociation. 

3. Bodies carrying electrical charges of opposite sig-n are attracted and 
ding to one another ; ij therefore a mobile solution contains free aiid inde- 
pendent ” ions carrying e^iorinous electrical charges of opjposite sign^ how 
can the charged ions remain more than nwme^iiarily free ? It is assumed 
that a certain proportion of the molecules of the solute are continuaHy 
breaking down into free (charged) ions, and a certain proportion of the 
ions are continually recombining to form ordinary molecules, the result is 
that the ratio between the number of free ions and paired ions (molecules) 
remains unchanged. This statement, of course, does not answer the per- 
plexing question. Attempts have been made to refer the difficulty to the 
specific insulating properties — ^the so-called dielectric constant—of the 
solvent. The action of the solvent has been compared with the function 
of the glass in a charged Leyden jar. , This agrees with the non-conducting 
qualities of pure water, but experiments have shown that the relation 
between the insulating properties of a, solvent and its ionizing properties 
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is not an ade^jimte and sufficient explanation of the observed facts. The 
two phenomena do not alwaj^s vary concomitantly, A satisfactory answer 
to the question, therefore, has not yet been found. 

4. If an ionized salty my, mdium chhridey is present m. solM as . a 
■mixture of Ncr mid CT imis, it might he thought possible to separate the two 
€ 07 npom 7 its hy diffusion or hy some othe^' mechanical process* S. Arrhenius 
answers that the great electrostatic attraction of the oppositely charged 
ions prevents any marked diffusion. W. Nernst, however, has shown that 
the concentration currents produced when, say, a solution of sodium 
chloride is carefully covered with a layer of water, leads to the conclusion 
that the greater mobility of the chlorine ions charges the upper layer 
negatively, and the lower layer positively, so that a current of electricity 
can be obtained by placing the turn layers in electrical contact.—See Con- 
centration ceils/’ 

5. Salts which form solid compou7ids ivith different proportions of water 
of crystaiUzatio'ii have different solubilities ; is it not then more reasonable 
to suppose that the molecules of the solvent exist in solution as definite 
hydrates ? The ionic hypothesis answ-ers that only a defimte proportion of 
the salt is ionized, and this part is proportionally less as the concentration 
of the solution increases. As a rule, in a saturated solution only a small 
fractional part of the salt is supposed to be ionized. 

6. When a compound is fanned from its ehmemts with the loss of energy, 
the mmpownd cannot be resolved Mo its elements unless energy be supplied* 
It is therefore pertiimit to inquire : W^hcd is the source of the energy which 
leads to the fission of ike mohcuh into ions carrying equal hut opposite charges 
of electricity ? Here, again, it is necessary to reiterate that the ionic hypo- 
thesis refers not to the separation of a compound into its original con- 
stituents, but into charged ions; and it is interesting to observe that 
molecules of sodium chloride, etc., which appear to be very stable wffien 
drj^ react with great facility when in solution. A little heat is supposed 
to be evolved during the ionization of many (not ail) electrolytes, and the 
process of ionization is then presumably accompanied by an exothermal 
reaction which more than compensates for the energy needed for the fission 
of the molecule into oppositely charged ions. J. D. van der Waals (1891) 
expressed the idea that ionization is primarily due to the affinity of ions 
for the solvent, and that the heat of hydration of the ions furnishes the 
energy needed for the ionization of the salt. To this, D. Konowalow 
( 1893) adds, ** only those solvents which react chemically with the solute 
furnish solutions wliich conduct electricity.” G. T. Beiiby considers that 
the ionization is essentially a mechanical operation, the result of the kinetic 
activity of the solute molecules, for in a dilute aqueous solution of, SB>y, 
hydi'ogen chloride, each molecule of the solute is surrounded by and at 
tlm mercy of some millions of water molecules all in a state of intense 
activity, and the rude meehaiiicai jostling to which the molecule of hydro- 
gen cHoride is subjected will naturally tend to break it up into simpler 
parts mechanically more stable. 

These answers, based' ’on circumstantial evidence, are not altogether 
satisfactory, but they have made it almost certain that if ions are formed 
at all, the ions do not usually exist/idoim in the solution, but that each 
ion forms a complex by association with a definite number of molecules 
of the solvent ; or, . as ‘E. Abegg; expw^ed it/' 'the degree of ionization 
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ciepeiids on the' capacity, .of' tlie iousYo unite with the inoleciiies of the 
solvent. The ionic theory , primarily assumes that the, apparent number 
of solute molecules is Increased by ionization^ and it makes very 
little ditlereiica to the applications of the ionic theory whether' it, be 'assumed 
' ,that^ each ion is' isolated as a, distinct individual, or; whether each ion formS' 
a, '.complex with the , moieoules of Yhe- solvent. ' The number of ions is 
the same. ill both cases. The explanation of the phenomena, particularly 
■when solutions other than water are considered, is beset vith many' difii- 
cuities on account of the unknown relations between the solvent and solute. 
So much is this the case that M. le Blanc {1907) considered “ it to be very 
fortunate for the advance of electro-chemistry that such complications 
are generally, though not always, absent in the case of aqueous solutions. 
It is due to this fact that it has been possible to deduce simple laws from 
the study of aqueous solutions.” On the other hand, 0. N. Witt said; 

Water is a very complicated substance, and the process of solution in 
that liquid must be attended by very great exceptions from the simple 
rules which exist for solvents not so complicated.” It has therefore been a 
great mistake to study aqueous solutions and then other solutions, and the 
chapters in treatises on physical chemistry entitled “ theory of solution,” 
would be rightly labelled “ theory of aqueous solution.” 

Several attempts have been made to work out a consistent explanation 
of the fundamental facts without a theory of charged ions, but with h 5 q) 0 - 
theses based upon the formation of imaginary molecular complexes % a 
reaction between polymerized solvent and the molecules of the solute. 
The difficulties, however, are discussed in special text-books. 

These controversial matters are mentioned in this elementary book to 
emphasize the fact that an explanation of a phenomenon may contain 
part of the truth, and yet not “ the whole truth, and nothing but the truth.” 
In that case, we try the hypothesis by the test indicated in the first chapter, 
and ask : Is the hypothesis useful ? The answer is that the ionic hypo- 
thesis has done good work, and it promises to do more. An hypothesis is 
not always to be discarded as a first approximation because troublesome 
exceptions crop up from time to time. Newton’s theory of gravitation, 
for instance, appeared to be affiicted with such blemishes — particularly 
in its early days ; so was the theory of opposing reactions once considered 
to be unreasonable folly ; and the present-day theory of light seems 
liighly absurd when it is remembered that it is based on the existence of 
an sether which is of the highest elasticity’- and denser than steel. In 
spite of important difficulties, we shall now try how the ionic hypothesis 
fits in with a few important phenomena. 

History.— R. Clausius (1857) first suggested that the molecules of a 
solute are ionized when dissolved in the solvent, but Clausius appears to 
have had some chemical ” misgivings, for he added that the ionization 
only afiected an infinitesimally small fraction of the total number of dis- 
solved molecules. As the ions are discharged at the electrodes during 
electrolysis, more molecules are ionized. The un-ionized molecules keep 
the electrolyte constantly supplied with a definite number of ions. The 
ions conduct the current ; the undissoeiated ” molecules are inactive. 
Further, at any given temperature, there is a constant relation between 
the number of un-ionized molecules and the number of ions. W. Giese 
(1882), and S. Arrhenius (lS84),'mdre-bol4' cau|iiou% than Clausius, 
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centimetre apart, form the electrodes. Otherwise exx>re,ssed, the equivalent 
conductivity rej^reseiits the conducting power of a layer of the solution 1 cm. 
thick, and containing one gram-equivalent of the substance in solution. If the 
conductivity be referred to a gram-molecule, and not a gram -equivalent, it is 
termed the molecular conductivity of the solution, sjunbolized 

It is now assumed that the number of ions which take part in 
conducting the electric current at any particular concentration of the 
solution is proportional to the equivalent conductivity, a, of the solution 
If tlio number of ions in a given solution be doubled, tli© conductivity will 
also be doubled Consequently, if represents the fraction of a gram- 
nioicculo which is dissociated into ions when the solution occupies v htres, 
wo iiave, iit diliition p. the conductivity — -where Ic is the constant 
of proporiioii. At irdinite dilution, the ivliole gram-molecule is supposed 
to be ionized, and consequently, a; = 1, and therefore the conductivity, 

5 at indnite dilution, is A^ = £ Substitute this value of /r in the pre- 
ceding equation, and we get 



which, by hypothesis, means that the fractional number of molecules 
ionized in a solution is numerically equal to the equivalent con- 
ductivity of the solution divided by the equivalent conductivity of the 
solution at infinite dilution j or," 


Degree of ionimtion 


- ^^ber of moieou les Ionized 
Total number of molecules 



The above formula enables the electrical conductivity of a salt to be 
expressed in terms of the degi-ee of ionization of the salt in solution. Thus, 
the equivalent conductivity of a solution of hydrochloric acid is 305*4, 
and the same acid at infinite dilution has the equivalent conductivity 
349 * 3 * Hence the degree of ionization is 305*4 -r 349*3 = 0*874 per gram 
moiecule, or 87*4 per cent, ionization. This means that 12*6 per cent, 
of the moieeules in the solution are present as im- ionized neutral molecules, 
HCl ; and 87*4 per cent, of the molecules are present in the ionic form 
H- + Cr. Or, 

Ha H* + cr 

12*6 per .cent. 87*4 per cent. 

The permiiage ionization must not be confused with the obmluie con- 
mntratifM of Urn ions. The former may be the greater in dilute solutions, 
and the latter greater in concentrated solutions. The ionic hypothesis 
thus assumes that an aqueous solution of hydrochloric acid contains three 
distinct kinds of '' solute molecules,” electrically charged molecules (hydro- 
gen and chlorine ions), and neutral hydrogen chloride molecules. 

Table XVIL, on next page, shows the degree of ionization of normal 
solutions (unless otherwise stated) of a few typical acids, bases, and salts 
selected merely for illustrative^ purposes. 

The effect of increasing theppnoeniration of a solution is to increase 
the interna! friction* This retards the. movemente of the ions and thus 
diminishes the conductivity more rapidly than would occur if the results 
were not affected by tMs disturbing :fe.ctqr„ • 'As the concentration decreases 
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TABia; XVII.— Deoreb of Ionization op some Typioai Acids, Bases, and 

'Salts. 


Acids. 


Bases, ■ 


.Salts* . 







OTJ 

Acid* 

i'S 

A-2 

Base. ■ 


Salt. 

2 1 
pa,- 

'Nitric acid (6-2 %) 

0-096 

Potassium hydroxide 

0-77 

— 

Potassium chloride ’ 

0-74 

Nitric acid (dil.) , . 

0-820 

Sodium hydroxide 

0*73 

Ammonium chloiicle 

, 0*75 

Sulpiiuric acid (dil..). 

0-510 

Lithium hydroxide . 

0-63 

Potassium nitrate . 

0-64 

Carbonic acid (-iVN) 
Hydrosulpliurie 

0-002 

Ammonium hydroxide 
Calcium hydroxide 

0-01 

Zinc sulphate . 
Copper sulphate 

' 0*24 
0*22 

,, .acid' (-Jy N) „ . 

0-001 

N) . 

0-90 

Silver nitrate . 

' 0-58 

Perchloric acid ( I- N ) 

0-880 

Barium hydroxide 


Barium cl jloride 

0*57 

Acetic acid (0*1 "N) 

0-013 

. V - 

0-92 

Potassium sulphate j 

0-24 


the friction diminishes ; and, with the more dilute solutions, the effects 
of internal friction can be neglected. The tw'O factors— internal friction 
and conductivity- — do not change with dilution in the same way, and, 
in consequence, the conductivity may increase with increasing dilution; 
reach a maximum ; and then decrease with increasing dilution. This 
is the case, for instance, with sulphuric acid, where the maximum con- 
ductivity occurs when 30 per cent, of acid is present. The application of 
the ion theory to concentrated solutions is beset with many difficulties, and 
eonsequentiy the theory has been mainly developed from results obtained 
with dilute solutions. Similar remarks apply to solvents other than water. 

Illustration of the different conductivities of electrolytes.' — The 
difference in the conductivity of, say^ hydrochloric, sulphuric, cbloracetie, 
and acetic acids, con- 
taining ■^(5 gram-equiva- 
lent of the respective 
acids per litre, is well 
shown by W. R. Whit- 
ney’s apparatus (1900), 
illustrated in Fig. 136. 

Electrodes are fixed in 
four vertical tubes. The 
upper electrodes are 
connected with one ter- 
minal (as shown by the 
dotted line), which is 
connected with the 
lighting circuit. Each 
of the lower electrodes 
is connected with one Fio. 136.— Different Conductivities of some Acidsi 
terminal of an ordinary 

incandescent lamp. The other terminals of the- lamps are eomiected 
with another terminal which is connected with the lighting circuit 
(say an alternating current, 110- volt). The upper electrodes can foe 
moved up or down ; the lower electirpde^ are fixed. The tubes are filled 
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with the four acids just indicated, and the electrodes are adjusted 
the same distance apart. The curi’ent is switched on. The lamp con- 
nected with the liydrocMoric acid tube glow's brightest ; that with the 
sulphuric acid comes next; that with chJoracetic acid next, and the one 
connected with the acetic acid tube scarcely glow's at all. The electrodes 
can now be adjusted until the lamps all glow" equally bright. It will he 
found that the distances betw^een the electrodes are approximately as 
100 : 85 : 15 : 1 wdien the acids are arranged in the order named above. 
These numbers give an approximate measure of the conductivity of these 
acids, and also, by hypothesis, of their degrees of ionization. 

Strong and weak acids and bases. — The terms “ strong ” and weak ,” 
are sometimes applied to the acids and bases, and these terms refer to the 
conductivity or the degree of ionization in aqueous solution of moderate 
dilution. There is no real line of demarcation betw^een the tw"0. Acids 
like carbonic and hydrosulphmic acids, and bases like ammonia, are 
w"eak. Their degree of ionization is less than one per cent. If the degree 
of ionization exceeds 70 per cent, the acid is undoubtedly strong.^ Most 
of the salts are highly ionized, even at moderate dilutions, but there are 
many exceptions, e.g. mercuric chloride ; the cadmium halides and mercuric 
cyanide are but slightly ionized in moderately dilute solutions. 

§ 7. The Migration of Ions. 

Xt is impossible to get one kind of ion liberated at one electrode without 
having a precisely equivalent quantitj?- of an oppositely charged ion appear- 
ing at the other electrode ; it is impossible to have a procession of positive 
atoms througli a liquid without a corresponding procession of negative 
ones. In other words, an electric current in a liquid necessarily consists 
of a Sow of positive electricity in one direction combined with a Sow of 
negative electricity in the opposite direction. — 0, J. Lodge. 

Although the quantities of anions and cations liberated at the electrodes 
during electrolysis are always strictly equivalent, nevertheless, the rates 
at w'hich the concentration of the electrolyte changes about anode and 
cathode are not the same. This is illustrated by the following experiments : 

Mix a hot 5-10 per cent, aqueous solution of gelatine with a little cupric 
chloride solution, and pour the blue solution, while hot, into a warm U*tube with 
long legs until the U-tube is a little over half full. Take care to introduce as 
few air bubbly as possible. Let the mixture solidify by cooling. XWhen cold, 
slip a rubber ring over each leg of the tube so as to mark the level of the gelatine 
in each leg. Pour a dilute solution of sodium chloride into each leg ; dip a piece 
of platinum wire into the solution of sodium chloride ; and pass a current of 
electricity through the contents of the U-tube while the latter is immersed in a 
freezing mixture,- Fig. 137, to prevent the softening of the gelatine during the 
passage of the current. The gelatine simply serves to prevent mechanical move- 
ments of tho liquid during the passage of the current. The presence of the 
gelatine yloes not otherwise interfere with the electrolysis. The experiment 
^ rnore interesting if a^ second U-tube be prepared with potassium, dichromate 
in place of copper chloride, and connected in series with the copper chloride tube 
as indicated in Fig. 137. A current of electrieitv is then passed through the tubes 
via the platinum wire electrodes, each of which dips in a dilute solution of sodium 
chloride above the gelatine. After the current has passed some time, the blue 

^ Electrolytes like solutions of sodium chloride are good conductors, and 
some solutions with a conductivity itddw&y between good conductors and non- 
conductom are sometimes called senii-i or half -electrolytes. 

Say, ammonium nitrate and <joId watexv 
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solufcioB rises past, the level of. the solid .gelatine towards the cathode, and descends 
below the level of ^the gelatine .on the anode, side. . The, gelatine has , not .liioved, 
a.nd it appears as if the current “drives ” the^ copper chloride moleciileB towards 
the cathode ; ■ the' movements in the ' 


.other, tube are 'in. the converse direc- 
tion,. so that' it appears as if the cur- 
rent “ pulls ” the molecules of the 
potassium clichromate towards the 
anode. One tube with copper dii- 
chromate can be used in place of 
copper chloride and potassium dichro- 
ma'ie. The gelatine is green, but a 
blue coloration rises towards the 
cathode, and a yellow coloration rises 
towards; the anode. 

The ionic theory interprets 
these experime.nts of A. A. Noyes, 
and A. A. Blanchard (1900), by 



assuming that in the case of cupric Fig. 137.-Migration of Tons to the 
chloride, blue copper ions travel Electrodes. 


towards the cathode and colourless 


chlorine ions towards the anode; in the second experiment, that yellowish 
CrgO 7 -ions travel towards the anode and colourless potassium ions towards 
the cathode ; and in the third experiment, blue copper ions travel towards 
the cathode and yellow diehromate ions towards the anode. The fact 
observed is that the electrolysis of the coloured solutions occurs at the 
boundary surfaces between the gelatine and the supernatant solution. 
M. Faraday described several experiments illustrating the phenomenon: 

the surfaces of separation of liquids in contact act as 
electrodes to each other, and separation may there 
occur, just as at a plate. 

By a modification of these experiments, it is pos* 
Bible to measure the rates at which the conGentratiDn 
of the solution changes about the electrodes, or^ in the 
language of the ionic theory, the rates at which the 
anions of copper, etc., drift towards the electrodes. 
For example, if a solution of silver nitrate of known 
concentration be electrolyzed between silver electrodes 
in an apparatus similar to that illustrated in Fig. 138, 
the only change in the solution is a transfer of silver 
from the anode to the cathode, and a change in the 
concentration of the silver salt round the two electrodes ; 
for the apparatus is constructed so as to reduce the 
mechanical convection of the dissolved salt to a mini- 
mum. The change in the concentration of the solu- 
^ tion, after a few hours’ electrolysis, can be measured 

^mination oi Stl ^5' 'Withdrawing about haK the solution from the 
Speed of Ionic apparatus, via the stopcock, and determining the 
Migration. amount of silver , in the solution by analysis. From 
the results, numbers can be obtained which are sup- 
posed to represent the speeds , of migration of the anions and the cations. 
The following experiment, due to W. Hittorf (1853), serves to illustrate 
the principle. , , 

Hittorf ’s experiment. — ^A solution of silver nitrate containing one part 
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of silver to 49*44 parts of water was eiectrolyzed.for nearly an lioiir iii: a 
cell with sih'er electrodes. Silver dissolved from the anode and a similar 
quantity deposited on the cathode. The concentration of the whole solu- 
tion remained unchanged, but the concentration of the solution about the 
cathode decreased while that about the anode increavSed. In tlie cathode 
compartment, Hittorf found 

Silver before electrolysis 
Silver after electrotysis . 

Loss: .■ . . ' .■ . . 0*1300 

The solution about the cathode thus lost 0T300 gram of silver, and the 
solution about the anode must have increased by this amount owdiig to 
the action of an equivalent quantity of nitric acid on the silver electrode. 
At the same time, by the simultaneous interposition of a silver voltameter 
in the circuit, it w*a3 found that sufficient electricity had passed through the 
electrolyte to deposit 0*2470 gram of silver at the cathode. If no silver 
ions had passed from the anode chamber, the quantity of silver in the anode 
chamber would have increased by 0*2470 gram owing to the migration of 
NOg' ions from the cathode chamber. The observed increase was only 
OT300 gram of silver ; hence 0*2470 less 0*1300 gram ; in all, 0*1170 gram 
of Ag* ions migrated from the anode chamber to the cathode chamber, 
while the cathode chamber simultaneously lost 0*1300 gram of silver due 
to the deposition of 0*2470 gram of silver on the cathode. Hence, since 
the relative speeds of the ions are proportional to the fall of the concen- 
tration about the oppositely named electrodes, 

Loss in cathode chamber _ Q*1300 _ Speed of anion, KOgt 
Loss in anode chamber 0*1170 ~~ Speed of cation, Ag* 

Or the rate of migration of the anions is to the rate of migration of the 
cations as 130 : li.7 j or the NOg' ions migrate T1 times as fast as the Ag* 
lam 

According to F. Kohlrausch’s second law, the molecular conductivity 
at infinite dilution is the sum of two factors, one dependent on the 
anion and the other on the cation, so that ~ q- z?', where v* denotes 
the speed of migration of the cations, and v' that of the anion. Again, 
the proportion of the current carried by the anion is v'/(v' 4- 1 ;'), and the 
proportion carried by the cation + v'), where v* -f v' represents the 
rate at which the ions separate, or the Joint velocity of the two ions. The 
relative proportion of the current carried by each ion, is v’/v^ ; this number 
or ratio is called the transport number. 

By measuring the rate of rise of the blue colour in the experiment, 
Fig. iS7, the absolute velocity of copper ions can be determined under 
standard conditions, and in that way, with other solutions, a series of 
numbers have been obtained which are called the speeds of migration of 
the difi’erent ions. The speed of migration so defined is a specific property 
of each ion, and is independent of the other ions present. The hydrogen 
ion travels faster than any other. The speeds are increased by using 
currents of greater electromotive force. Hence the rate of motion of any 
given ion is determined (I) ' intensity of the electrical pressure, 

■which directs or diives the ions to the electrodes ; (ii) by the damping 
effexit of the liquid on the motion of the moving ions. Under constant 


0*7162 gram 
0*5802 „ 
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conditions, at 18°, with a difference of .-potential of one volt- hetiiveeii the 
electrodes, the speeds of migration of some ionS' are : 


Amo.ns, ,. 

QW 

CP 

r 

NO.' 

CiO'g 



Speeds . 


2-13 

2-19 

1-9! 

l'*70: cm. 

per 

hour. 

Cations . . 

, ■ . Cs* 

Rb- 

Iv* 

Na-' 

,Li* 



S.peeds 

2-32 

2*32 

2-05 

1*26 

Til cm. 

per 

hour, 


The heaviest ions, that is, the ions with the gi-eatest “ atomic -” w^eights, 
here appear to move fastest. ' This has been supposed, to, he due .to t-he- 
siower-moving, ions dragging along with them a number of moiecules of 
the .solvent.,-,, .As matter of fact, 2 the speeds. of . migrationof the different 
ions -be, plotted on squared paper, against the atomic iveigh,ts,a periodic 
.oiirve , is obtained. 

.; ,,, In -these - experiments tlia ./aef observed- :is .the' changing, molecular: 
ooneentration of the solution about the anode and cathode during electro- 
lysis ; the extraordinary hypothesis that during the passage of the 
current the anions and cations move in the same electrolyte with different 
velocities, and yet the anions and cations are given off at the respective 
electrodes at the same time I 


§ 8, Abnormal ” Osmotic Pressures and Ionization. 

It is natural to assumo that substances which in aqueous solution give 
osmotic preasiues wiiich are too great are dissociated. — S. x^hkhenius. 

We are now in a position to resume our study of the abnormal osmotic 
pressures furnished by solutions of electrolytes. Just as the abnormally 
high vapour densities exhibited by, say, hydrogen fluoride were traced to 
the polymerization of the molecule, 2 HF^H 2 E 2 » abnormally low^ 

vapour densities of iodine above 700° were traced to the dissociation of the 
iodine molecule, l2Sr=^2I, so Arrhenius argued that the molecules of salts 
giving an abnormally high osmotic pressure must be dissociated. Sui>pose 
that one molecule of an electrolyte furnishes m ions, and further let x 
denote the fraction ionized wdien a gram-moiecule of the electrolyte is 
dissolved in water. The solution will then contain {I — x) non-ionized 
molecules, and mx ions. The total number of individual moiecules in 
the solution — that is, electrically charged molecules (ions) and neutral 
molecules—win be (1 oj) -f As in our previous study of solutions, 
let n denote the total number of individual moiecules in a given solution. 
Then n — 1 -|- mx — x. The numerical value of as we have seen, can 
be determined from conductivity data, and from osmotic pressure and 
related phenomena — freezing and boiling point determinations. If the 
value of n so determined be divided by the value of n calculated on the 
assumption that no ionization occurs, the value of x and accordingly also 
the value of n can be computed. For example, the solution of hydrochloric 
acid just studied gives x == 0*874, and m Hence n 1 -j- {m l)x 

becomes 7i — 1*874. Hence every 100 molecules of HCl furnish the equi- 
valent of 187*4 individual molecules*; If the electrolyte had been non- 
ionized, n would have been unity ; and if completely ionized, n would 
have been 2. ■ 

Examples. — (1) The boiling point of a solution, of 3*400 grms. of barium 
chloride, BaCl^, in iOO gi’ms. of water Is 100*208®. , What is the ionization of the 
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solute ? From the above, 1 4 * vfm it foilo-ws that there will be 1 -f 3a; — 
or I -f- 2aT molecules in the solution, ic, Ba- and SCh. If there was no iomzation, 
tlio molecular weight of the barimn chloride would be 208 ; the observed \"alue 
is So. Hence one molecule of barium chloride gives the equivalent of 208/86 
“ 2*447 molecules. Hence 2*447.=='‘i + 2a:, or' a?;— 0*723, or 72*B:,per cent, 
of the salt is ionized. 

(2) A solution of 1.1*07 grms. of barium nitrate in 100 grms. of solvent raised 
th© boiling point 0*466®, show that -56*8 per cent., of the salt is ionized. 

(3) A solution of 0*3668 grm. of sodium chlorido in 100 grms. of water freezes 
at- “ 0*221®, show that 89*2 per cent, of the salt is ionized. , 

A comparison of the vaiues. of n calculated from osmotic, pressure, 
freezing point, and electrical conductivity data is indicated in Table XVIII. 

The niimbers in the last three, columns ''show that the values determined ' 
by independent processes are strikingly concordant ; and it is therefore; 
inferred that the abnormal osmotic pressures indicated^ in Table IX., 
p. 263, arise from the more or less complete ionization ox tlio electrolytes in 
acpieous solution. 

Modes of ionization. — ^The ionization of some of tho multivalent eleotrolytes—- 
HjCOg ; ; BaCU ; CdClg ; H2SO4 j CUSO4; etc. — in moderately dilute 

solutions appears to furnish complex ions. Thus, eadmium chloride, CdCI^, not 
only furnishes Cd** + 2Ch, but also Gd** 4* CdCl^"' ; sulphuric acid, HgSO^, not 
only gives 2H* -f- SO/% but also H* + HSO4' r earbom^ acid, gi'^^s 

2H* 4- GOg'', and H* 4- HCOg' ; copper sulphate, CuSO^, not only gives 
Gu** 4- BO,/", but also CU2SO4'* and Cu(S04)2"" ; etc. If, however, the solutions 
he still further diluted, tHe complex ions break dovoi into simpler ones. Hence 
the ionization of concentrated polybasic acid like H0SO4 proceeds in stages first 
HgSO'^ H* 4 HSO4" i foHowed by H* + HSO4' =‘‘2H* 4 SO,/'. 
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Molecular 




Salta. 

concentra- 





tion. 

Osmotic 

Freezing 

Conduc- , 



pressure. 

point. 

tivity. 

Calcium nitrate, GaCNOglg • 

0*18 

2*48 

2*47 

2*46 

Magnesium sulphate, 

0*38 

1*25 

1*20 

1*36 

Strontium chloride, SrCl.> . 

0*18 

2*69 

2*52 

2*51 

Potassium chloride, KCH 

0*14 

i'Si 

1*86 

1*86 

Lithium cliloride, .LiCl . , . 

043 

1*92 

1*94 

1*84 

Magnesium chloride, MgGL, . 

0*19 

2*79 

2*68 

2*48 

„ — — _ 



— 



§ 9. Equilibrium between loifized and Non-ionized Solute, 

Th© evidence is so unambiguous and convincing that ions and some mole- 
cules combine witli more or less of the solvent, that it seems that it can 
now be accepted as a fact of science. — H. C. Jones. 

Beference has previously been made to the assumption that the mole- 
cules of an electrolyte, when dissolved in water, are ionized ; that the 
ions, at the same time, recombine to form neutral molecules; and that 
equilibrium will ensue when the speeds of. the- two opposing reactions — 
ionization and de-ionization — ^ate equal. Consider the ionization of 
ammonium hydroxide, represented by ■ ' 

a:/'- . 



SLEGTROLYSIS AHB, THE-' lOOTG hypothesis';' 

Here tiie process of ionization- bears -some 'analogy with •the dissociation 
of iodine • by heat'.': Ig ==. I •-f-' I* Let'[HH 40 H}, denote the concentration 
of., the ammonium hydroxide ; [.HH 4 ’'] the concentnation of the. ammo.muin 
ion ; .and [OH'] .the .concentration .of the^ hydroxide ion. Then, appljhag. 
the principle of oppo'sing. reac'tions, the condition for equiMbrium'is : 

[HHp] X [0H'3 „^ 

[NH 4 OH] 

If ' this- theory, applies to ions., the' numerical value, of the equilibrium 
constant, now called the ionization constant, remains unchanged v lialever 
be the concentration of the solution. This principle is sometimes called 
W. ,Ostw.ald^s dilution. law. . 

ExAMPLE.~In a solution containing 0*125 gram-molecule of per 

litre, the equivalent, conductivity shows that O’Ol 35 gram-molecule is ionized, 
and hence, h*0I35 X 0*125 = 0*0017 represents the molecular concentration of 
the ammonium hydroxide which is ionized. This number thus represents the 
concentration of the NH 4 * ions. But every NH 4 * ion is accompanied by one OH' 
ion, and accordingly 0*0017 also represents the concentration of bothThe NH,j‘ 
and the OH' ions. Hence, from Ostwald’s dilution law, 0*0017 x 0*0017 -r- (0*125 
— 0*0017) == 0*000023. This last number represents the value of the ionization 
constant for an I -normal solution of ammonium hydroxide. 

If the solution be diluted, the percenfoge amount of ionization increases 
(although, of course, the actual concentiebtion of the ions must decrease) ; 
and with more concentrated solutions, the percentage amount of ionization 
decreases. Table XIX. represents values for the ionization constant 
for solutions of ammonium hydroxide of difierent strength. 


Table XTX. — Effect of Dilution on the Ionization of Aqueous Aiusionia. 


Ammonium 
hydroxide. 
(Gram-mole- 
cules per litre.) 

Proportion 

ionized. 

Molecular con- 
centration of i 
NH 4 * and of j 
OH' ions. ! 
(Gram “ ions” i 
per litre.) 

Molecular concen- 
tration of non- 
ionize XH 4 OH. 

( Gram-molecules 
per litre.) 

K 

1*0000 i 

0*0047 

0*0047 

1*0000-0*0047 

0*000023 

0*1250 

0*0135 

0*0017 

0*i250-0*0017 ' 

0*000023 

0*0159 

0*0376 

0*0006 i 

0*0159-0*0006 i 

0*000023 

0*0039 

0*0764 

0*0003 

0*0039-0*0003 

1 0*000023 


The constancy in the value of K means that although the last-named 
solution of ammonium hydroxide is nearly 300 times more dilute than 
that named first, and the degree of ionization of the last is nearly 16 times 
as great as the first, the expression represented by K, deduced on the 
supposition that the process of ionization follows the rule for opposing 
reactions, is constant within the limits of experimental error. 

When this method is applied to strong acids and bases — that is, acids 
and bases more highly ionized than ammonium hydroxide — ^the results 
are not nearly so good, and the most satisfactory explanation of the dis- 
crepancy turns on the assumption that the, dissolved substance unites with 
the solvent so that in the more concentrated solutions part of the liquid in 
which the substance is dissolved no longer functions as a solvent because it 
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is in combination with ions and non-ionizod moieeules of ttie solute. This 
assumption is at the base of the solvate theory of solutions advocated by 
H. 0. Jones. ■ '■■■■■'' 

,§ 10. The Solubility Law. , , v ; 

In the case of an aqueous solution of sodium chloride, containing, say, 
58*5 grams, that is, one grani'molecule per litre, we have r NaCI ^ Na* 
~h OF, where 68 per cent, of the salt is ionized. The condition of equili- 
brium, according to the dilution law, is 


[Na>3[CF3 ^^ 

[NaGi] 


; 0'68 X 0*68 
' 0*32 


1*44 K 


If either Xa* or 01' ions be added ^ to the solution--"say, by adding hydrogen 
chloride, making the conoentration of the OF ions 0*75 instead of 0 •OS- 
then, in order to preserve the constancy of the ratio 1*44, the concentration 
of the Xa* ions must be diminished. This can only occur by the union 
of some Xa* and OF ions to form KaCl until the ratio iT is again 1*44, 
Solubility of mixtures with a common ion.— Sodium chloride is in 
equilibrium with its aqueous solution when, at a given temperature, the 
concentration of the substance in solution has a certain definite and con- 
stant value— the solubility of the substance at the given temperature. 
Since the sodium chloride in solution is partly ionized, there are two 
equilibria to consider ; first, the relation between the nondonized and the 
ionized salt in solution ; XaCl Na* *4- CF just indicated ; and second, 
the relation between the non-ionized salt and the solid. If the solution 
be saturated, we have : 

soUd ^ solution ^ 


If the concentration of the Xa* or the CF ions be augmented, some of 
the Xa* and OF ions will recombine to form non-ionized XaCi as indicated 
above. Consequently, some sodium chloride will be precipitated or the 
solution will be supersaturated. Hence the solubility of a salt is usually 
diminished in the presence of another compound with a common ion. 
If the solution of the hydrochloric acid had been isohydrio with the salt 
solution — i.e. if the number of chlorine ions j)©!* cubic centimetre had been 
the same — no alteration in the ooncentration of the ions would occur, and 
therefore no salt would be precipitated on mixing the solutions, provided 
no disturbing secondary action occurs. 

Solubility products.— It is sometimes convenient to discrimniate betw^een 
the total or apparent solubility of a salt, and the amount of the non- 
ionized salt present in the solution. The latter is sometimes called the 
real solubility of the salt. In a saturated solution the real solubility, 
like the apparent solubility, must be constant. Hence, in the dilution 
law for sodium chloride: [Xa*][CF] [XaCI], indicated above, the 
concentration [XaCl] is invariable, K is constant, and consequently also 
the product of the two is constant. Therefore, we can write for saturated 
solutions: 

fXa‘3[01'] == Constant 

^ If CF ions be added, they must nee^sarily be accompanied by an equivalent 
number of oppositely charged ions- of, say, K.', from, say, a solution of potassium 
' chloride ; or of Xa' iocs from, say, sodiuca hydroxide : XaOH ^ Xa* 4* OH'. 



J2LSCTR0LYSIS AND THE IONIC HYPOTHESIS 


$79 


TM.S , relation means, that. in a saturated solution the product of the 
^Vmolecular ” concentrations of - the ions is co-nstant. This product is 
sometimes called the solubility product because, from what has been 
already -.stated, the product of' 'the two ioH' concentrations determine the 
magnitude of the real” solubility, of .the substance. ■ 

.Eamiliar. examples of this phenomenon are .the precipitation of socliu.iii 
or, potassium chlorides ' .from saturated -solutions by passing h^^drogen 
cMoiide .through, the ' solutio,ns, or by. adding a .concentrated . aqueous 
solution of the acid. The phenomenon is quite general.' Barium choride 
may, be substituted for sodium chloride ; again, nitric acid wiE' precipitate 
barium nitrate from concentrated aqueous solutions ; a nearly saturated 
solution, of silver- bromate will give a precipitate of .silver bromate,-. if either 
silver nitrate or sodium bromate be added to the solution ; sodium chlorate 
added to a saturated solution of potassium chlorate will lead to the pre- 
cipitation of the last-named salt. There are a number of complications 
in special eases, thus : when a nearly saturated solution of sodium chloride 
is treated with alcohol, or with hydrogen chloride, the solvent combiBcs 
with the added material, and less is available for the solution of the salt 
in question ; the solute may form polymerized molecules in the solution, 
etc. '' 

Solubility of mixtures with no common ion,— If potassium nitrate 
be added to a saturated solution of sEver bromate, a number of molecules 
of silver nitrate and potassium bromate wiE be formed by double decom- 
position, and the solution will be in equilibrium wiien these four salts 
have attained a definite concentration, and each salt is itself ionized and is 
in equilibrium with the corresponding ions. The condition of equiEbrium 
is therefore quite complex. It may be symbolized : 


KNO, 

+ AgBrOj ^ 

KBrOa 

-f AgNO. 

11 

t 

1 

t 


aq 


> 

oq 

+ 

+ 

+ 

+ 

§ 

w 

'S' 


. . -O .. . 

03 ^ - 

,', .-.H - 

o 


o 

0» 


041 


The net result is that the number of ionized and non-ionized molecules 
of silver bromate in the solution is lessened, and the equilibrium ; 

AgBrOg solid ^ AgBrOg solution 

is disturbed. The original relation is restored by the passage of more 
silver bromate into solution. Similarly, when nitric acid is added to a 
saturated solution of silver acetate, some sEver nitrate is formed, and the 
equEibrium ; 

saver aoetate^^jj^ Saver aoetate^^j^y^^ 

can only regain its former value by the passage of more silver acetate 
into solution. Consequently, the solubility of a salt is often increased 
in the presence of a compound contmninjg no common ion. As before# 
complications arise owing to the dehydration of the solution by the added 
substance, etc. The dehydi'ating action is Elustrated .in the familiar 
method of preparing hydrogen chloride by dropping concentrated sulphuric 
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acid into a concentrated hydrocMoric acid. The sulphuric acid abstracts 
water, and thus diminishes the e^ectiTe solvent, the hydrogen chloride 
is then evolved as a gas. The action is in part attributed to the repression 
of the ions of hydrogen chloride at the same time, and the consequent 
eliinhiation of molecules from the water already saturated with molecules 
of the same kind. Similarly, an excess of' sulphuric,, acid, precipitates the 
di- or mono-hydi’ate of cadmium chloride almost completely from an 
aqueous solution— -'ivhich hydrate depends on the amount of the sulphuric 
acid used. Cadmium, mercuric, and stannous chlorides and,, bromides 
behave similarly. The behaviour -of many 'salts is thus not completely 
described by the solubility product ” law". 

Rule for precipitation. — The solubility product of sodium chloride in 
solution is not veiy great, and, in consequence, if concentrated hydi’o- 
chloric acid be added to a concentrated solution of sodium hydrogen 
sulphate., YaHSO^, the solubility product of sodium chloride may be 
exceeded, and that salt wnli be precipitated. The condition of equilibrium i 

of the mixed solutions is : ; 

NaH&:04 f Ha- + f H* + SO/ 

■' , j + . ' 

HCi^lCi' + IH' 

t /~r" 

NaCl H2SO4 

Hence, if the product of t^e ^^moiecuiar” concentration of any 
pair of ions (with equal and opposite electrical charges) in a 
solution be greater than the solubility product for the saturated 
solution formed by the union of these ions, that substance will be i 

precipitated; and conversely, if a substance be present in excess, it will 
be dissoRed if the product of the “ molecular ” concentration of any pair 
of ions (with equal and opposite eiectrical charges) in a solution be less 
than the solubility product for the saturated solution formed by the union 
©f these ions. I 


§ 11. Acids and Bases according to the Ionic Hypothesis. 

The dissociation theory enables us to place the whole subject of acidity 
upon a rational basis. Without this theory the subject would still be 
only so many empirically established, disconnected, and meaningless 
facts. — H. C. Jones. 

Acids.~~~It will be remembered that Gerhardt defined acids to be 
salts of hydrogen,’^ the ionic hypothesis expresses a similar idea 
another way : ‘‘all acids, when dissolved in water, furnish h^^drogen 
ions.” Although many substances not usually called acids when com- 
pktely ionized furnish hydrogen ions — e.g. potassium hydrogen sulphate, 
KHSO 4 , — ^yet their acidic properties are due to the presence of H* 

ions, and consequently it has been said that “ there is only one acid, and 
that is the H* ion,” and that the two terms ‘acidity ’ and ‘ hydrogen 
ions ’ ai'e coextensive.” Hydrogen ions thus become the primordial acid 
of the older chemists. The general and characteristic properties of acids 
are assumed to be the general and characteristic properties of H‘ ions. 
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and tliiiS' tlie H* ions are said to Lave a 'sour taste, , redden blue litmus, 
conduct 'elec tricity 'in solutions containing them,, behave as univalent 
radicles, etc. ^ The basicity of an acid, is fixed by the, number of H* ions 
furnished by, the complete .,io.nization of one 'molecule' of. the acid. ThiiS' 
monobasic hydrochloric acid, HCi, furnishes one H* ion. HCl 11 - -f- CF ; 
and dibasic sulphuric .acid furnishes two H* ions : ,112804 2H,* '+ SO/. 

Sulphuric acid, also furnishes the ions H* ,and HSO 4 ' so that it behaves also 
as a monobasic acid when it forms the so-called “ acid sulphates.” 

, Why is the hydrogen ion acidic? The action of a metal, saj^, 
zinc, on an acid is us'ually represented by the' equation: 'Zn + 2H,Ci 
— ZnCIg -f Hg the ionic hypothesis assumes' that-: , 'Zn .-f '2H*'4‘„2GF 
!^..Zii** ,-b 2CF + Hg '; and that the different., atoms' have different affinities 
—electro affinities — ^for electrical charges. The hydrogen ion is an acid 
because it holds its charge less tenaciously than do the metal ions. '' If it 
were otherwise,” said H. 0. Jones, “if the hydrogen ion htdd its charge as 
poorly as the average metal, the acids would not be acids.” Since the OF 
ions are but little affected by the change, the last equation reduces to 
Zn 4“ = Zn** -f Hg. The action is thus independent of the negative 

ion, for it involves little more than a transfer of the positive electric 
charges from the two hydrogen ions to the zinc, and generally such typical 
chemical reactions can be represented as the transfer of electrical charges 
from hydrogen to the metal. When the solution of zinc cbloride is con- 
centrated by evaporation, the Zn** and 2CF ions recombine to form zinc 
chloride. 

Bases.— -Just as an acid has been defined to be a substance which can 
furnish hydrogen ions when dissolved in water, so bases, according to the 
ionic hypothesis, are substances which yield HO' ions when dissolved in 
water. The basic properties of bases are due to the OH ions, and in this 
sense it has been said that “ there is only one base, and that is the OH 
ions,” and that “the two terms ^ hydroxyl ions ’ and ''base’ are coexten- 
sive.” The general and characteristic properties of the bases are supposed 
to be the general and characteristic properties of the OH' ions. Thus the 
OH' ions are said to have a soapy feel, turn red litmus blue, conduct 
electricity in a solution containing them, etc. The acidity of a base is 
fixed by the number of OH' ions it furnishes on complete ionization of a 
molecule of the base. Thus, the uniacid bases, like sodium hydroxide, 
ionize: NaOH^Na* + OH'; and the biaeid bases, like barium hydroxide, 
ionize: Ba( 0 H) 2 ^ Ba*" -f- 20H'. In a non-ionizing solvent the bases 
do not furnish hydroxyl ions, and they do not then behave like bases. 
Hence H. C. Jones defines : a base is a compound which furnishes liydroxyl 
ions when dissolved in an ionizing solvent. A compound becomes a base 
only wLen it is ionized into hydroxyl ions.” 

Why is hydrogen an acid in some compounds and not in others ? The 
answer furnished by the ionic hypothesis is that hydrogen separates from 
the former as an ion, but not so from the latter. Hydrogen chloride in 
aqueous solution is an acid because it furnishes hydrogen ions, but it is 
not an acid when dissolved in dry benzine or dry chloroform because it 
does not furnish hydrogen ions in those solvents. Hence, added H. C. J ones, 
“an acid is a compound which yields hydrogen ions when dissolved in an 
ionizing solvent.” Dry benzene and dry chloroform are not ionizing solvents, 
A compound becomes an acid only ^when it is, ionized with hydrogen ions. 
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Many Biibstanees contam-liydrogeri, and tkey' are not regarded : as salts 
of hydrogen. Methane, CH^ ; ^ ammonia,, EHg ; . alcohol, /CaH^OIi, otc. 
Agaiii, H 3 FO 0 only giws' OneJ-iydrogenion per molecule, and the remaining 
two hydrogen atoms are not ionizable, ioi' they iorm an essential part '.of 
t he cation HgPO 2 . Biiieic acid is very slightly' soluble in water, so. that its 
aqueous solution has no effect on blue litmus. ■ Silicic acid is acid because' 
it forms a salt, sodium siheate, NugSiO 3 , 'which dissoives.., in .water. and' 
ionizes : NagSiOg ^ 2 N.a* '-f ' SiOg^', when 0 iectro.l 3 rzed. , Neither pure dry 
hydrogen chloride nor pure .dry sulphuric acid is really an acid ; they are 
not dissociated into ions, they do not; act on metals, they do not decompose 
carbonates, nor colour blue litmus. ' ■ 

Tiie chemical activity of difeent solutions containing equivalent 
amounts of different acicls has been referred to the concentration of the 
If* ions in the solution. The concentration of the H' ions depends upon 
the degree of ionization of the different acids. Hence the relative strengths 
of the acifls can presumabiy be expressed in terms of the electrical con- 
ductivity of equivalent solutions. The speed of a reaction dependent 
upon an acid is thus connected with the concentration of the H* ions. 
Reverting to the measurements given on p. 119 for hydrochloric, sulphuric, 
and acetic acids, although the solutions contained equivalent quantities 
of replaceable hydi^ogen per litre, acetic acid has but one two-hundredth 
the activity of hj^drocMoric acid* 

Hydrochloric acid. Sulphuric acid. Acetic acid 
Fraction ionized .... 0*7S 0‘5i 0'004 

Belative strength * , 100 70 0*5 

In hydrochloric acid, a greater number of hydrogen ions are ready to 
react with the metal than vdth acetic acid, and consequently the avail- 
able liydrogen in hydrochloric acid is more rapidly exhausted than with 
acetic acid, where but few ions are in a condition to react with the metal 
at any moment, and consequently the reaction progresses slowly for a long 
time : as fast as the available ions are exhausted, new ions are formed 
by the ionization of the molecule of acetic acid. The total number of 
hydrogen ions is the same in both cases, but the number in a condition 
to react with tiio metal at any moment is very different in all three 
'cases.'"' ' ' 

Similarly, the strength of a solution containing equivalent quantities 
of the different bases is referred to the concentration of the OH"' ions in 
the solution. The strength of a base depends upon the degree of ioniza- 
tion, or on the concentration of the OH^ ions. The strength of a base can 
tliiis be determined from the electrical conductivity. In equivalent 
solutions, bases, like acids, differ very much in strength. The alkalies 
and alkaline hydroxides are very strong bases, for they are ionized to very 
nearly the same extent as hydrochloric acid in aqueous solution. Ammonia 
is a comparatively feeble base. The following numbers represent the 
relative strengths of a few bases in normal solution on the assumption 
that the strength of the base is proportional to the electrical conductivity : 

, „ NaOH KOH KH 4 OH 

Bekfcive strength ; ■. ■■.■,^.■'■,,^’00 , , 98 98 2 

TOien a highly dissociated aoid is mixed with a salt, the two react, 
forming another acid and salt* The change is reversible, and the reacting 
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system is tlieii a fiirtiier iHiistration of the prineipie of opposing reactions. 
Eor instance, the action of dilute nitric acid on potassium hypocldorite 
(p. 336)„ HNOs + KOCIx=^ .KNO 3 + HOCl „ If both products are highly 
ionizedy there will ho no perceptible change in the system, but in tiie Illus- 
tration Just cited, h 3 q 3 ochlorous acid is but feebly ionized, and, since the 
H*ions of the nitric acid, and the 'OCi ions' of the potassium hypochlorite, 
react to fornr feebly ionized hypochlorous acid, the result of the reaction 
in dilute solution is ionized potassium' nitrate, and' feebly, ionized bypo- 
chlorous acid : 

H- -f NO 3 ' -1- K- + OCI' ^ K* + NO/ + HOCl ' ' ' 



Similar remarks sq)]}ly midatis the action of a salt on a 

base, and this explains how feebly ionized ammonium hydroxide is formed 
in relatively large quantities when highly ionized solutions of potassium 
hydroxide and ammonium nitrate are mixed together. The reaction 
proceeds almost to the end : 

NH4* + NO/ + K* + OH' Kv + NO/ + HH/IH 



When the base is insoluble, it will be precipitated and the reaction 
will proceed to an end quite apart from the degree of ionization of the 
reacting compounds. This is the case, for example, with ierric, aluminium, 
zinc, and other hydroxides : 

Ee- -{- 3G1' -I- 3Na* + 30H' ^ 3Na* d- SCI' + Fe(OH )3 



§ 12. The Strengths of Acids and of Bases, 

I have no doubt that fixed salts choose one acid rather than another in order 
that they may coalesce with it in, more intimate luiion. — John Mayow 
( 1674 ). 

The strength of an acid or base refers to the extent to which the acid or 
base exhibits acidic or basic properties respectively. The terms affinity,*’ 
“ avidity,” and activity ” are sometimes employed synonymously with 
“ strength,” but there are objections to each of these. The term 
“ strength,” too, is often used where “ concentration ” is really meant. 
‘ Concentration ” refers to the “ quantity of matter in unit volume ” 
expressed in, say, grams per litre, or some other convenient form, say, 
gram-molecules pjer litre, ^ 

The action of sulphuric acid on sodium chloride (p. 271), which results 
in the formation of hydrochloric acid, seems to prove that sulphuric acid 
is stronger than hydrochloric acid ; again, "when hydrochloric acid is added 
to a solution of silver sulphate, silver chloride is precipitated. The hydro- 
chloric acid expels the sulphuric acid from its combination with silver j 
Ag 2 vS 04 + 2HCi = 2AgCi + H 2 SO 4 , and it seems as if hydrochloric acid 
is sH'onger than sulphuric acid. These two conclusions are contradictory 
and there must therefore be a fallacy in pur reasoning. W^e have wrongly 
assumed that the two acids were competing for sodium and for silver under 
similar conditions. This is not the case. When hydrochloric and sul- 
phuric acids compete for the sodium, the hydrochloric acid, being volatile, 
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escapes ii\m\ the system as fast as it is formed ; while the- non-volatile 
sulphuric acid alone remains behind. Again, when sulphuric and hydro- 
chloric acids are competing for silver, the hydrochloric acid carries the 
silver away from the sulphuric acid as an insoluble precipitate of silver 
cldorlde. Still further, hydrosulphuric acid is notoriously a very feeble 
acid, and yet it can displace relatively strong acids from combinations 
with the metals. Thus, it will precipitate lead sulphide from solutions 
of lead chloride ; copper sulphide from solutions of copper sulphate, etc. 
Here again, the feeble acid does its work by "’emoving the metal from the 
solution as an insoluble sulphide. 

To compare the relative strengths of the acids, and, mutatis mutandis, 
of the bases, it is necessaiy^ that the comparison be made under conditions 
where the reacting acids and the products of the reaction are in the same 
physical condition-~-say, all in solution. Thus, if an equivalent of a solu- 
tion of sodium h^'droxide be mixed with an equivalent of a solution of 
sulphuric and of hydrochloric acids, the two acids can compete for the one 
base under (lie same conditions, and hence the stronger acid will be able 
to unite with more sodium than the w^eaker acid. In 1803, C. L. Berthollet 
pointed out that when a neutral salt is dissolved and an acid is added to 
the solution, the free acid enters into competition with the combined acid, 
and they both act on the alkali base in the ratio of their respective con- 
centrations as though no combination had existed. It cannot therefore 
be said that if all the conditions remain equal, one acid displaces another 
from the base with which it had been united, but the base is shared between 
the two acids in the ratio of the concentrations and affinities of the respective 
acids. It is found experimentally that the same result is obtained when , 
equivalent quantities of sodium hydi'Oxide, sulphuric acid, and hydrochloric 
acid are mixed together as w^han equivalent quantities of sodium sulphate 
and hydrochlone acid, or equivalent quantities of sodium chloride and 
sulphuric acid, are mixed, provided, of course, the w^hole of the system has 
been allow^ed to stand long enough for equilibrium. This fact is represented 
by the equation : 2,HCi +• Na 2 S 04 2ISraCi + H2SO4, w^hich, when 
translated into the language of ions, reads : 

2HC1^2H- 

4- + 


Na 2 S 04 ^S 0 / 

I 


In 1803, C. L. Berthollet wrote : 

I maintain that whenever several acids act upon one alkaline base, the action 
of one of the acids does not overpower that of the others so as to form an 
iiisulated comjwund, but each of the acids has a share in the action pro- 
portionate to its capacity for saturation and its quantity. 

The proportions of a base shared between two acids, or of an acid between 
two bases, cannot be determined by the ordinary methods of chemical 
analysis wdthout distui’bing the eqtnlibriiim of the mixture. The dis* 
tribution of an acid between two bases, or of a base between two acids, 
must bo determined by phydehl processes which do not interfere with the 
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solution. In iilustration, tlio lieat of neutralization of sodium hydroxide 
by sulphuric acid is 31*38 Cais^ ; and by hydrochioric acid, 27*48 Cals. 
If, therefore, on mixing hydrochloric acid with sodium sulphate, all the 
sulphuric acid were displaced by the hydrochloric acid, the thermal effect 
resulting from the decomposition of the sodium sulphide, and the formation 
of the so'dium ' chloride 'w be, '27 *48 ^,.31*38 = — 3*9' Cals. 'After 
making a small allowance for secondary reactions between sodium 
sulphate and sulphuric acid, J. Thomsen found that the thermal value of 

the reaction was — 2 *6 Cals. Hence it follows that — 2 *6 d 3 *9 or about 

two-thirds of the hydrochloric acid combines with about two-thirds of the 
base to form sodium chloride ; and about one-third of the sulphuric acid 
combines with the other third of the base to form sodium sulphate. A 
similar result was obtained with a mixture of sodium chloride and sulphuric 
acid as with sodium sulphate and hydrochloric acid. Consequently, in 
the competition of sulphuric and hydrochloric acids for sodium under 
comparable conditions, the hydroeliloric acid can hold twice as much of 
the base as the sulphuric acid, and consequently, hydrochloric acid is 
nearly twice as strong as sulphuric acid. 

Similar results have been obtained by measuring the speeiffc gravity, 
index of refraction, absorption of light, etc. The relative strengths of 
the different acids have also been determined by measuring the effects 
of the different acids on the speed of hydrolysis of cane sugar, methyl 
acetate, etc. The actual numbers obtained by the different methods 
are not always quite the same, possibly because of the different conditions 
under which the experiments are made. The results obtained by three 
different methods are shown in Table XX. 


Table XX. — Relative Stbengths or Acids. 


Acid. 

Thomsen’s 

thermal 

process. 

Ostwald’s 
specific gravity 
process. 

Molecular 

conductivity. 

Hydrochloric acid .... 

lOO 

98 

■, ■■■:'. , 

100-0 

Nitric acid 

100 

100*00 

99*6 

Hydrobromio acid .... 

89 

95-00 

100*0 

Sulphuric acid ..... 

49 

66-7 

65-1 

Phosphoric acid .... 

25 

— 

7*3 

Acetic acid 

3 

1-23 

0*4 

1 


§ 13. The Neutralization of Acids and Bases. 

The importance for chemistry of the fact that hydrogen and hydroxyl ions 
cannot remain in the presence of , one another imcombined is difficult to 
overestimate. Could these ions remain separate, then an acid would not 
neutralize a base, and ail salt formation from the process of neutralization 
of acids and bases would be excluded,*— H, 0. Jones. 

The term ''' neutral ” has been used somewhat vaguely, implying that 
the substance is neither acidic nor baaic, . The test for acidity or basicity 
depended upon the behaviour of the solutidn towards a solution of litmus. 
If other indicators are used, the oonolu^ons might be different, because a 
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snbstance naiglit appear acidic towards one indicator, and neutral towards 
another. The ionic hypothesis, as we have seen, refers acidity to the 
presence of hydrogen ions, and alkalinity to the presence of OH' ions, and 
the term “ neutrality ” refers to the case where the concentration of both 
ions are the same, or both ions are absent, have seen that water is 
a constant product of the reaction between the solution of an acid and of 
a base: HC! + KOH^KCi + HgO ;■ H^SO^ + 2NaOH ^ Na 2 S 04 + SHaO, 
etc* When solutions of an acid and base are mixed, the hydrogen and 
hydroxyl ions of acid and base respectively combine to form water, because 
water only ionizes to an inconceivably small extent, and the two kinds of 
ions — H* and OH'— cannot remain in the presence of one another uncom- 
bined, Hence, when aqueous solution of acids and bases are mixed together 
OH' and the H* ions are removed fx’om the solution, and the reaction is 
almost completed : 


H- -'r Cl' 4- K* + OH' ^ K* + Cl' + HgO 



What is here stated with respect to hydrochloric acid and potassium 
hydroxide applies miitaiis mntmMs to any strongly ionized acid and base ; 
and consequently the neutralization of strongly ionized acids and bases 
involves little more than the formation of water : H* + OH' HgO, 
because the other ions present before the acids and bases are mixed remain 
after the reaction is over. If, however, the water be evaporated from the 
solution, the ions recombine to form the salt, and the result of the reaction 
is then correctly symbolized : HCl + HOH 5 ?=^ HCi + HgO. This re- 
action probably also occurs if very concentrated solutions or solids are 
mixed, whereas the neutralization of acids and bases in dilute solutions 
involves the formation of water, not salt molecules. 

The heat of neutralization of dilute solutions. — ^This view is further 
supported by the fact that with dilute solutions of the strong acids 
and bases, the thermal value of the process of neutralization — ^heat of 
neutralization — is the same. For example, 

LiOH NaOH KOH Ca(OH)o Ba(OH)« 

Hydrochloric acid . . 13*7 13‘7 13*7 13*8 " 13*8 Cals. 

* HCl HBr HI HNO 3 HIO« 

Sodium hydroxide , , 13*7 13-8 13*7 13*7 13*6 Cals. 

Hence neutralization is an isothermal process ; the heats of neutralization 
of dilute solutions of the strong acids and bases do not depend upon the 
specific nature of the acid or base ; and the formation of water in these 
reactions is accompanied by the evolution of approximately 13*7 Cals, of 
heat. . ‘ 

The law only describes the thermal effect attending the neutralization 
of solutions^ sufficiently diluted to ensure complete ionization of acid, base, 
and salt ; it presupposes that no new electrically neutral molecules are 
iormed. As a corollary, it follows that if two completely ionized salts are 
mixed, there will be no thermal change, provided the salts are completely 
ionized before and after the niixing, and no other electrically neutral 
molecules are formed. The fact that ‘‘ if two neutral salt solutions at 
the same teinperature nnSEOd tc^ether, no change of temperature 
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occurs” was discoTered' by H. Hess in'ISIi, aud isycalied Hess* law of 


thermo-neutrality. For example : 



Before mixmg — 


■. After mixing — ' ■ 


Calcium nitrate, Ca( NO a) « . , 

451 

Calcium sulphate, Ga.S04,2H20 

642 

Potassium sulphate, 

601 

' Potassium nitrate, KNO^ . — . 

409 

Thermal vaiiie of admixture . 

1052 

Thermal value of mixture 

1051 


Tbe, ioiiic, bypothesis, indicates' clearly tiie. 'conditions , which must be 
fulfilled before Hess’ law of tliermo-neutrality is applicable, and, said 
H. C. Jones, it would be difficult to find such a successful es:x>Ianatioii 
by any other known hypothesis.” 

If the acid and base are but partially ionized, the heat of neutralization 
is not only determined by the heat of formation of water — 13 '7 Cals. — but 
it is also determined by the thermal value of the energy required to com- 
Xilete the ionization of acid and base. When a dilute solution of hydro- 
fluoric acid is neutralized by sodium hydroxide, for example, the sodium 
fluoride formed during the reaction is fully ionized, whereas the hydro- 
fluoric acid at the commencement of the process : HF -f NaOH = NaE 
+ HgO + 16*27 Cals, is not fully ionized. Hence in addition to the forma- 
tion of water, there is coxitinuous ionization of hydrofluoric acid dwhig the 
process of neutralization, and the fact that more heat is produced has been 
assumed to prove that the ionization of the acid is accompanied by the 
evolution of heat. The heat of neutralization of hypochlorous acid, HOCL 
by sodium hydroxide, NaOH. is i HOCl -f NaOH NaOCi + HoO -f 9*8 
Cals,, a number less than the normal value 13*7 Cals. The salt, NaOCl, 
and the base, NaOH, are completely ionized ; while the acid, HOCi, is 
but feebly ionized. Hence, it is assumed that the ionization of HOCl is 
an endothermal process. Similarly, when ammonia is neutralized : 
NH 4 OH + HCi = NH^Gi 4* H 2 O + 12*2 Cals., it is assumed that the 
low results are due to the absorption of heat during the ionization of ammo- 
nium hydroxide. 

Hydrolysis. — It will be remembered (p. 172) that in hydrolysis, a salt 
reacts with water to form the free base and free acid, or free acid and a 
basic salt. Hydrolysis is thus a reversion of the process of neutraliza- 
tion. Hydrocyanic acid, HCy, for instance, ionizes : HCy ^ H* 4 Gy'. 
With j)otassiiim cj^anide, KCy, in aqueous solution, KCy ^ K* 4 Cy^ 
In the latter case, some of the H* ions of the water unite with the Cy' ions 
of the salt to form molecules of hydrocyanic acid, HCy. The equilibrium 
is disturbed, and more moiecules of water ionize : HgO ^ H* 4 OH'. 
The new H* ions combine with more Cy*' ions and the process continues 
until the concentration of the OH' ions becomes large enough to prevent 
the further ionization of the water. The solution then contains an excess 
of OH ions, and free hydrocyanic acid, as well as potassium cyanide, 
and the ions K* and Cy . The free hydrocyanic acid caii be recognized 
by its smell ; and the OH' ions can be recognized by the alkafinity of the 
solution. , ■ 

The ionic hypothesis in analytical chemistry.—The language of the 
ionic hypothesis has penetrated into analytical chemistry — ^particularly 
qualitative analysis— «o that the standard, tests for the metals and/the acid 
radicles are described as tests ''for- the respeeytive ions. ' Many, %owver, 
doubt if anything wiE be gained by describing the facts of an emmesntly 
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practical art isi the language of a hypothetical doctrine. Be that as it may, 
since both the chlorides and hydrochloric acid are suj)posed to furnish Ci' 
ions on ionization, it is assumed that the test for hydrochloric acid or a 
chloride is a test for chloride ions. The silver nitrate used in making the 
test is also supposed to he ionized. Oonsequently, when a solution of silver 
nitrate is added to a solution of sodium chloride, the solution is supjjosed to 
momentarily contain Ag* + NO/ + Na* + CT ions, but since silver chloride 
is but slightly soluble in water, the little which is formed by contact or 
sliver and chlorine ions precipitates at once. Again, silver chlorate is soluble 
In water, and accordingly, when silver nitrate is added to a solution of 
potassium chlorate there is no precipitation and the solution contains four 
kinds of ions Ag- 4* NO/ + K* 4- CIO/. Hence, silver nitrate is a test for 
chloride but not for cMorate ions. 

If potassium cyanide, KCy, in aqueous solution be added to a solution 
of silver iiitTate, AgNOg, a precipitate of silver cyanide is formed : 
Ag* 4* NO/ 4” K* -r Cj' = A^'y -f K* 4- NO/. If an excess of potas- 
sium cyanide be added, the precipitate redissolves, and it can now be 
shown that the solution no longer contains the equivalent of Ag* ions in 
appreciable quantities, since (1) sodium chloride gives no precipitation of 
silver chloride ; (2) on electrolysis, silver collects about the anode, not the 
cathode, as when a solution of silver nitrate is electrolyzed; and (3) a 
crystalline compound KAgCy^ is obtained when the solution is concentrated. 
It is assumed, therefore, that the solution of silver cyanide in potassium 
cyanide ionizes thus ; KAgCyg 5 ^ K* 4- AgCy 2 « 


QuestionSc 

L Wliat. is Oatwakrs dilution formula for weak electrolytes ? Deduce it 
theoretically. Explain clearly how the constant is experimentally obtained. — 
iSL Andrews Unii\ 

2, What is meant by electrolysis ” ? Illustrate your answer by reference to 
the cletmlysis of aqueous solutions of metallic salts. — 6% Andrews XJniv. 

3. \yrite the following equations according to the ionic hypothesis ; (a) Calcium 
hydroxido and hydrochloric, acid ; (6) Barium chloride, and sulphuric acid- — 

Univ* of Penmylvania, U»S.A, 

4* Explain in terras of the electrolytic dissociation theory : (a) The interaction 
of a solution of copper sulphate ^Yith metallic iron. (6) The electrolysis of copper 
chloride ; (c) The interaction of a solution of silver nitrate and hydrochloric acid ; 
(d) Neutralization ; (c) The behaviour of hydrogen chloride in toluene solution 
and in water solution . — Frimeton Univ,^ V,iS,A, 

In terms of the ionic theorjq what is a strong acid ? — a strong base ? — a 
weak acid ? — a weak base ? 

In these terms classify the following :—HCi, NH4OH, KOH, H.B, HoCO,, 
Coll, V.S,A. > 2 . a 3. 

6, Define “ acids,** bases,” and salts ” in terms of (a) their properties ; 
(6) fheir composition ; and (c) the ionic theory. 

7. Give a brief history of the word “ acid ’* with an account of its application 
m the present day. What do you tmdorstand by the term ortho-acid *’ ? — 
Ijondon Unk\ 

S- Give an account of the ionic theory of solution, stating clearly the experi- 
mental facts on which it is hm^^-y-Aherystwyth Unw, 

0. A cxuTenfc passes simultaneously through acidulated water, a solution 
of copp£*r sulphate, CuSO^, and, molten silver chloride. What substances are 
produced m each cell, and , how many grams of each in the time that 10 ctibic 
centimetres of hydrogen ai-e liberated from water (Cu === 63, Ag *= 108) New 
Zmlm%d Ump. 

10. Explain the italicized words ! Alumina like boric oxide is ompkoterict 



ELECTBOLYSIS AND THE IONIC 'HYPOTHESIS 389 


The acidic and basic qualities depend on the presence o£ both Of/' and H* ions, 
and both ions cannot be present in Yevj concentration in the same solution.’* 

11. Explain the meaning of the italicized terms ; “To make the qualitatii'c 
analysis decisive, add a strong solution of ammonia to the prcc^p^ifa^^t' ; if it dissoh-es, 
new/rofee the ammonia with nitric acid, etc.’’ 

12. Describe from the ionic point of view what happens when — («) i gram of 
sodium chloride is dissofed in 1 litre of water : (6) the solution is evaporated 
down until it occupies 20 c.c. : (c) it is saturated with gaseous hydrochloric acid 
so that the solid salt separates.~-(7alcu«o DmV. 

1 3. Explain what is meant by the “ avidity ” of an acid. Discuss its theoretical 
bearings and show how “ avidity ” may be experimentally deterBiined.--~-X»ondo« 
Univ, 

14. J. H, Gladstone and W. Hibbert (1889) passed the same current of 
electricity through solutions of zinc and silver salts, and obtained quantities of 
these metals in the ratio Zn : Ag = 1 : 3*298. If the equivalent of silver is 
107*88, what is that of zinc ? 

lo. What do you understand by tine term “ relative migration velocity ” ? 
In what way is the relative migration velocity connected with the molecular 
conductivity of an electrolyte ? Describe an experiment by which such a velocity 
can be determined. — Boat'd of Educ, 

16. One and the same electric current is simultaneously passed through 
solutions (a) hydrochloric acid, {h) copper sulphate, (c) silver sulphate. Draw 
a diagram of the apparatus required, and indicate what products would be obtained 
in the case of each solution. Calculate also the weights of these products which 
would be formed dm'ing the time that 1000 c.c. of dry hydrogen measured at 0° 
and 760 mm. were collected from the hydrochloric acid solution. The formation 
of peroxides is to be neglected. (Atomic weights, H ==1, Cl = 35*5, Cu = 63, 
Ag = 108, S = 32, O = 16.) — London Univ. 

17. Row is the following phenomenon explained ? When dilute solutions of 
any strong acid and base are mixed together in equivalent proportions, approxi- 
mately the same amount of heat (13,700 Cals.) is given out, although the heats of 
formation of the different salts formed have very different values. — Madras Univ, 

18. What is meant by the transport number of an ion ? Explain how it can 
be measured in practice, and sketch the apparatus employed. Calculate the 
transport number of the cupric ion from the following data ; In the neighbour- 
hood of the cathode, a given volume of a solution of copper sulphate gave before 
electrolysis 0*6765 grm. of copper oxide, CuO, and after electrolysis, 0*5118 grm. 
cf copper oxide, CuO. During the electrolysis, 0*2045 grm. of copper had been 
deposited on the cathode. — Panjdb Vniv. 



CHAPTER XVII 
The Alkaline Eaeths 
§ 1. Calcium Carbonate* 

The early chemists reserved the term earth for those substances which 
were insoiubie in water and which did not undergo alteration when cal- 
cined at a liigli temperature — alumina, silica, magnesia, lime, etc. 
The earths — lime and magnesia^— “Which were related to the alkalies by 
giving an alkaline reaction and neiitralizing acids, were termed alkaline 
earths. Baryta and strontia -were afterwards included among the alka- 
line earths. 

Several diJSierent minerals occur in nature which have been called 
different names, although analysis shows that they are all more or less 
impure forms of one chemical substance —calcium carbonate. These 
diferent forms of calcium carbonate may be classed under three heads, 
although in reality there are but two crystalline forms or mineral species. 

1. Calcium carbonate in rhombic crystals. — ^This variety generally 
occurs in needle-like crystals, and is named aragmiite after Aragon in 
vSpain. If calcium carbonate be prepared in solutions at temperatures 
exceeding crystals coiTesi>onding with aragonite are formed, and if 
at temperatures below 30®, crystals of calcite are formed. Hence, aragonite 
at temperatures beiow' 30® is in a metastable condition. The fundamental 
form of crystals of aragonite is illustrated by the outhne drawings, Fig. 139, 
and although there are a great many derived shapes, all are built on the 
same geometrical plan determined by the inclination of the boundary faces 
with respect to the axes of the crystal. 

2, Calcium carbonate in trigonal crystals. — This form of calcium car- 

bonate occurs in more or less well-defined crystals modelled after a rhombo- 
hedron. Fig. 139, but exhibiting a great variety of derived shapes which 
have received special names — ‘'dog’s-tooth spar,’' “nail-headed .spar,” 
etc. R. J. Haiiy called calcite the protene among minerals because of its 
presenting what appeared to be a chaotic number of unrelated appear- 
ances, yet he also showed that, however diverse the forms of the crystals, 
they are all related to a primitive geometrical plan which is determined 
by the inclination of the boundary faces with tlrn crystal axes. Ail the 
different forms are subordinate to the primitive type. When transparent 
and colourless, trigonal calcium carbonate is called Iceland spar ; and if 
opaque and clouded, or calcspar. A compact fibrous variety with 
a satin-like lustre is called ‘‘ satin, Marhle is made up of minute 

crystals of calcite. Ont^x is a tariety winch is streaked and coloured by 
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associated impurities. Aragonite has a specific gravity about 2-93, 
caioite the heat of formation of aragonite is greater than that of 





Fig, 139. Crystals of Calcite from Foiitainobloau. 

calcito being respectively 21-33 and 21-03 Cals. ; and the specific heat of 
aragonite is 0'1S99, whiie that of calcite is 0'1887. 

3. Calcium carbonate not markedly crystalline. —Chalk and lime- 
stone usually occur m large masses sometimes extending over large tracts 


Fig. 140. — Crystals of Aragonite from Cumberland. 


of country. This form of calcium caa^bonate is relatively in 
contains more or less magnesium carbonate, clay, and silica. 
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imxhiTQ of limestone and clay. Egg-siaells, sea-sheils, pearls, corals, con- 
tain a large percentage of calcium carbonate. The microscope shows 
t hat Mk consists largely of the shells of minute organisms. ^ It is inferred 
that these organisms once lived in the sea because similar shells are 
dredged from the bottoms of the oceans to-day. Chalk is used in the manu- 
facture of whiting. 

Hie chalk h ground to powder, stirred up with water, and the slurry allowed 
to staiid for a few minutes. The matter in suspension is decanted from the 
srandy sediment. The water is removed by further settling and decantation, 
and also by evaporation. The residt is whiting, which is therefore chalk minus 
tao sandy grit. 

H. C, Sorhy proved that in calcareous organisms a new variety of 
calcium carbonate is not in question. In every case examined, the shells 
contained cither ealcite or aragonite. Some animal species secrete calcium 
carl>o}iate as calcite, others as aragonite, and others as both. The pearl, 
for instance, is mainly aragonite ; 'the shell of the common whelk is mainly 
calcite ; and the inner shell of the cuttle-fish is aragonite, the outer portion 
is ealcite. 


§ 2. The Action of Heat on Calcium Carbonate. 

If an}’ one of these forms of calcium carbonate be heated by means of 
a gas blow-pipe fiame in a hard glass or quartz test tube, fitted with a gas 
delivery tube as illustrated in Fig. 47* a gas called carbon dioxide, sym- 
bolized COg, collects in the gas jar, and a residue called calcium oxide or 
quicklime, symbolized OaO, remains in the test tube. The gas will, be 
studied later. It is sufficient to state here that the moist gas reddens 
blue litmus, and unites with bases to form salts called carbonates. If, 
say, TOO gram of pure calcium carbonate be thoroughly calcined in a 
eriicible, 0*56 gram of calcium oxide is obtained, and 0*44 gram of carbon 
dioxide is expelled as gas. If a current of carbon dioxide be passed 
over calcium oxide, calcium carbonate, symbolized CaCOa, is formed : 

CaO -|- OOg = CaGO^. A certain amount of 
heat is developed during this latter reaction. 
Calcium carbonate is undoubtedly a chemical 
compound of calcium oxide and carbon dioxide. 

If calcium carbonate be heated in a closed 
vessel, at different temperatures, when the 
system is in equilibrium, the state of the system 
wffi be represented by a point on the curve, 
Fig. 141, where the pressures in the closed 
vessel are plotted at different temperatures. 
There are three phases-— GaO, GaCOg, and 
COg; and two components — CaO, and GOg. 
The system is therefore univariant, meaning 
Fig. m.-Effeet of Tern- coacentration-that is the pressure- 

perature on the Dissocia- one fixed aefinite value for each 

tion Pressure of Calcium temperature. This constant pressure is called 
Carbonate. the dissociation pressure. The dissociation 

pressure of calcium carbonate is analogous, in 
many ways, with the vapour pressure of a liquid in a closed space. 
Gaseous molecules of carbon dioxide are continually leaving the disso- 
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ciating carbonate, and carbon dioxide is continually recombining with 
calcium oxide. When the speeds of the two reactions are the same, 
the system is in equilibrium. The carbonate can only dissociate com- 
pletely into calcium oxide and carbon dioxide if the latter be con- 
tinuously removed from the reacting system. If the pressure, at any 
; temperature,.: exceeds the limit indicated by the curve, calcium, ear- 
.bonate wili'.be formecl until' the, pressure '..of the .gas attains the -fixed 
value, constant for the given temperature; and conversely, if the 
pressure be less than that described by the curve, calcium carbonate %viil 
dissociate until the required pressure is attained. If the pressure of the 
gas be great enough, the calcium carbonate may be fused with no appreci- 
able dissociation. On solidification, the mass has a crystalline structure 
like marble. This shows how, in nature, marble can be associated with 
igneous rocks wdiose temperature at certain geological epochs must have 
greatly exceeded the dissociation temperature of the carbonate. Under 
an enormous pressure, the carbonate would melt and subsequently cry- 
stallize without decomposition. J. Hail verified this experimentally in 
1805. 

According to the law indicated in connection with the iron-steam re- 
action, the velocity of the dissociation of calcium carbonate wdil be pro- 
portional to the concentration of the carbonate, and equal to the product 
of the concentration C of the carbonate and the affinity constant h ; the 
velocity of formation of the calcium carbonate will similarly be equal 
to the product of the concentration of the calcium oxide, and of the 
carbon dioxide, affinity constant ¥ of that reaction. Con- 

sequently, if these two velocities are the same, the system will be in equili- 
brium, and hC ~ h'QiC^. The, concentration, that is, the number of 
molecules of carbon dioxide per litre, is proportional to the partial pressure 
p of that gas. It is assumed that ah sohds, calcium carbonate and calcium 
oxide, exert a small vapour jmessure which is generally too small to come 
within the range of the instruments at present available for such measure- 
ments. This vapour pressure is further assumed to be constant at any 
given temperature, like the vapour pressures of substances which are 
accessible to measurement ; and is also unaffected by the quantity of 
solid present. The concentrations C and are constant, p. 121, and conse- 
quently, at any given temperature, p = constant. This means that the 
dissociation pressure of the carbon dioxide is constant, and independent 
of the extent to which the calcium carbonate has dissociated, provided 
all the carbonate has not dissociated. This same conclusion was obtained 
in applying the phase rule. The principles here stated also apply to the 
dissociation of mercuric oxide, of hydrates, and of barium peroxide, as 
previously indicated. 

According to A. Colson, dry silver carbonate, like calcium carbonate, 
has a definite dissociation pressure at a given temperature, but the reaction 
is not reversible because the silver oxide and carbon dioxide do not recom- 
bine on cooling. Lead carbonate behaves similarly. If, however, a 
trace of moisture be present, the reactions are reversible. Presumably 
the silver and lead oxides undergo soine change soon after they are formed 
which hinders the reverse reaction, C. W. Scheele also observed, in 1777, 
that dried calcium oxide does not absorb dry. carbon dioxide. 
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g 3, Calcium Oxide and Calcium Hydroxide. 

Cakiuin oxide is nearly always made by calcining the carbonate- 
marble, Iceland sjiar, limestone. The residue is varioiisly styled '' quick- 
lime/* '' live lime/* ** burnt lime/’ or ‘‘ caustic lime ’’—from the Greek 
mvarxh (kaustikos), burnt. Calcium oxide, %vhen pure, is a white amor- 
phous powder. If heated intensely, say in the oxyhydrogen blowpipe, 
It- becomes incandescent, p. 124. In the electric furnace, calcium oxide 
can be melted at a temperature of about 2570°, and at a still higher 
temperature it can be boiled. When a few drops of water are aHow^ed 
to fall on a (cold) lump of freshly “ burned ’* calcium oxide, which has 
not been burned at too high a temperature, a hissing noise is produced, 
and clouds of steam arise. Much heat is developed, and the lump of 
calcium oxide disintegrates into a fine powder called slaked lime,” or 
calcium hydroxide. I'he term ‘‘ lime *’ is often applied to quicklime 
eaiciiini oxide, and also to slaked lime, calcium hydroxide. Moist lime 
tun\s red litmus blue. If calcium oxide be treated with water in a w^eighed 
disii, and tiie result of the reaction be thoroughly dried by heating to 
150°, 5*6 grams of calcium oxide furnish 7*4 grams of calcium hydroxide, 
showing that 56 grams of calcium oxide unite with 18 grams of water 
to form calcium hydroxide — CaO.HgO, or as is more commonly symbolized, 
Ca{OH) 2 , and the reaction is written: CaO H- HgO = Ca(OH) 2 . When 
calcined at 100°, calcium hydroxide loses no water ; at 400°, 30 per cent, 
of the possible water is expelled ; and at 460°, nearly aU the water may 
be driven of. Wlien a considerable amount of calcium hydroxide is 
suspended in water, the mixture is called “ milk of lime,” and if the 
mixture be allowed to stand, a clear liquid collects above the white sedi- 
ment. The solution — called lime water ” — has a characteristic taste, and 
it turns red litmus blue. At ordinary temperatures, 10°, 100 c.c. of water 
dissolves 0*17 gram of the hydroxide, Ca{ 0 H) 2 . The solubility diminishes 
wdth rise of temperature, for instance, the solubility decreases from 
0*185 gram of Ca(OH )2 at 0°, to 0*128 at 50°, and 0*077 at 100° per 100 
grams of w*ater. 

When lime water is exposed to the air it soon becomes covered with 
a film of calcium carbonate, ovring to the absorption of carbon dioxide from 
the atmosphere : CaCOH)^ + COg — CaCOg -f HgO. 

»T. Kolb found, in 1867, that dried calcium hydroxide does not absorb 
dry carbon dioxide. Both calcium oxide and hydroxide absorb the gas 
only if a trace of moisture be present. This is usually explained by 
assuming that carbon dioxide can act on these substances, only when it is 
converted into carbonic acid, H 2 CO 3 , by combination with water. The 
reaction then proceeds : CaO + HgCOg = CaCO^ + H^O, and .the 
liberated water reforms carbonic acid. Thus the water acts like a catalytic 
agent in a long series of cyclic transformations. 

Mortar is a thick paste made by mixing slaked lime with sand and 
w'ater. Mortar sets or hardens on exposure to the air owing to the loss 
of -water, and the absorption of carbon dioxide from the atmosphere. It 
appears as if a colloidal calcium hydroxide is formed when lime is wetted, 
and this, on drying, sets ” by a process analogous with the drying of glue. 
The formation of calcium carbonate is quite a late stage in the setting. In 
the mortars of some of the buildings of the ancient Romans, crusts of minute 


THE ALE ALINE, ■EARTHS 


395 


calchmi carbonate crystals protect tbe inner cores of calcium iiydroxide. 
All exposure of 2000 years lias not been sufficient to convert more than 
thin superficial layers of the colloidal hydroxide Into carbonate. A little 
of the colloidal hydroxide seems to pass into the crystallmc condition. 
The sand makes the mass more porous and facilitates the rapid absorption 
of carbon dioxide, and it prevents undue shrinkage during setting. The 
sand is scarcely, altered, during' the action. ' If . mortar be , placed between 
bricks or stones, part of the water is absorbed by the bricks and part is 
lost by evaporation ; and the mortar, when set, holds the bricks or stones 
firmly in place. If mortar is to be used for plastering walls, it is mixed 
%yith hair which makes the wet mortar stick better. The setting of mortar 
is >said to be accelerated if a trace of aluminium chloride is present. 

Uses of lime. — Lime is used in preparing mortars and cements, as a flux 
in metallurgy, in the manufacture of glass, bleaching pow^der, calcium ear^ 
bide, in purifying illuminating gas, in removing hair from, hides before 
tanning, in drying gases, as a disinfectant, in marling soil, as a neutralizing 
agent for acids in chemical industries, etc. 

Manufacture of quicklime,— Limestone is frequently “burned” in a 
cavity cut in a bill-side, or in a kiln made from bricks or blocks of lime- 
stone. The kiln is loosely filled with limestone, or alternate layers of 
limestone and fuel. A fire is built at the base of the stack, and when the 
burning is complete, the fire is allowed to die out, and the lime is removed. 
In the more recent “ shaft kilns,” producer gas is led into the shaft near the 
base, and the hot products of combustion pass up the stack and decompose 
the limestone. The kiln is charged at the top, and the burned lime is raked 
out through openings at the bottom of the stack. The process is con- 
tinuous — lime is charged in at the top as fast as it is removed at the bottom. 

Hydraulic cements. — Calcareous marls or mixtures of limestone, clay, 
and sand in the right proportions are fed into a long slanting slowly rotating 
cylindrical furnace, and there heated until the mixture begins to sinter. 
The “ clinker ” so obtained is ground to pow^der, and the product called 
“ cement,” because if it be mixed with water it sets to a hard stone- 
Hke mass, even if exposed to the continued action of water. The cement 
is consequently used for work under water — bridge-piers, etc. — ^imder 
conditions where mortar would disintegrate and soften. Several varieties 
are on the market under various names — Portland cement, hydraulic 
cement, etc. The ground clinker appears to consist mainly of a solid 
solution of lime, silica, and alumina which, for convenience, is sometimes 
called alite. The setting of the wetted cement appears to be the joint 
effect of several difierent actions not yet clearly understood. The main 
reaction is probably due to the formation of colloidal calcium alumino- 
silicates when “ alite ” is wetted. These decompose, forming crystals of 
tricalcium aluminate. and a number o f different substances in a colloidal 
con^S^rrhe gradual desiccailon of the colloids leads to the gradual 
hardening cf the mass ; the desiccation appears to proceed even when the 
cement is immersed in water. 

§ 4. Strontium and Barium Oxides and Hydroxides. 

Strontium carbonate is found in nature in the mineral strentianiUi 
SrC 03 ; and barium carbonate in the mineral withmie, BaCO^. Barium 
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carbonate decomposes at about 1842°, strontium carbonate at 1150°, and 
calcium carbonate at 825°, When strontium carbonate is calcined, strontia, 
that is, strontium oxide, SrO, is formed ; witlierite fuinislies baryta, i.e, 
barium oxide, BaO. Strontia is made on a large scale by heating the 
carbonate in superheated steam ; carbon dioxide is evoh'ed, and strontium 
hji^droxide, Sr{OH)2, is formed: SrGOg -j- H2^ = Sr(0H)2 + GOg. The 
strontium hydroxide on ignition fuinishes strontium oxide: Sr(0H)2 

SrO d- HoO, Barium carbonate requires so high a temperature for its 
decomposition that the ratv material is mixed with ianipbiack or tar before 
calcination. The carbon burns of, and the carbonate, at the same time, 
is decomposed at a much lower temperature : BaCOg + G = BaO -j- 2CO. 

Like caicium oxide, both strontia and baryta slake in contact with water 
with the evolution of much heat. In the case of baryta, the heat is so great 
that if but little w'ater be used, the mass may become visibly red hot. The 
heats of formation of the diferent hydroxides are : Ca(OH)2j 16’25 Cals. ; 
8r(OH)2, 17*70 Cals. ; and Ba(OH)2, 22*26 Cals. Barium hydroxide is 
usually made by lieating a mixture of harytes — barium sulphate, BaS04 — 
with powdered coke, or coal. Crude barium sulphide is formed : BaS04 
d- 4G — 4CO ~r Ba>S. The latter is then heated in a stream of carbon 
dioxide, and thus converted into barium carbonate : BaS + GOg -f* R2G 
— BaCOg -r HgS. Barium carbonate is converted into the hydroxide by 
heating it in superheated steam as just indicated for strontium carbonate. 
Btrontium hydroxide is formed in a similar manner from the mineral 
cetome— strontium sulphate, SrS04. Strontium hydroxide is used in 
the mamifacture of sugar. Strontium hydroxide is more .soluble in water 
than calcium hydroxide, and barium hydroxide is more soluble than 
strontium hydroxide. The solubilities of the tliree hydroxides in grams 
per lOU c.c, of w'ater are ; 



QO 

50'" 

100° 

Calcium liydroxide , 

, 0-lS 

0*13 

0*08 

Strontium hydroxide . 

. 0*41 

2*5 

21*7 

Barium liydroxide * 

. 1*67 

13*12 

101*4 


Unlike caicium hydroxide, barium hydroxide can be fused without 
decomposition. Aqueous solutions of both barium and strontium 
hydroxides deposit isomorphous c^^stals with eight molecules of water — 
e.y. Ba(0H)o.8H20. Like strontium hydi‘oxide, barium hydroxide is 
dehydrated wLen heated high enough, forming barium oxide. The metals 
of the alkaline earth metals do not form peroxides by direct oxidation 
as is the case w’ith the alkali metals, but the peroxides are made by oxidizing 
the oxides ; for instance, if barium oxide, BaO, be calcined in air, it forms 
barium peroxide, BaOg, as previously indicated. Barium, calcium, and 
strontium peroxides are made by adding hydrogen peroxide to solutions 
of the corresponding hydroxides. The peroxides crystallize out with 
eight molecules of water — e,g, CaOg.SHaG* The hydrated peroxides iose 
water at about 130°, forming the corresponding anhydrous peroxides. 
\\ hen more strongly heated they decompose, giving oxygen : 2CaOg 
= 2GaO + Og.^ 

§ 5. Metallic; Caldtun* Strontium, and Barium. 

Impure calcium was made by H. Davy in 1808, and the pure metal 
was made by H, Moissan, in 1898, by reducing calcium iodide with sodium. 
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Fig. 142. — The Electrolytic Pro- 
cess for Oaicium (Diagrammatic). 


The metal is now made by electrolysis of the fused cklorkie, CaClg. In 
G. 0. Seward and F. von Kiigelgen’s process (1908), the anode is a 
graphite crucible, and the cathode a rod 
of iron wliich dips in the fused chloride. 

Fig. 142. When the current passes, 
metallic calcium collects at the lower end 
of the cathode. Calcium chloride fuses 
at a lower temperature than metallic 
calcium, and the temperature is so regu- 
lated that the calcium solidifies on the 
cathode. An irregular rod of metallic 
calcium is made by slowly raising the 
cathode. The end of the calcium rod, 
dipping in the fused chloride, then forms 
the lower end of the cathode. The rod 
of metallic calcium dipping in the bath is 
also cooled by an annular tube — ^not shown 
in the diagram — ^through which cold water 
flows. Metallic strontium and barium, 
more or less impure, were first prepared 
by a similar process to that used for 
metallic calciuirif by H. Davy about 1808. 

Properties. — Calcium is a silver white 
lustrous metal. It tarnishes slowly in air, and when heated in an atmo- 
sphere of hydrogen, it forms calcium hydride, CaHg ; and in an atmosphere 
of nitrogen, calcium nitride, CaglST^ ; in air, calcium oxide, CaO : and wdth 
chlorine, calcium chloride, CaClg. The interaction of water and calcium 
is rapid, “but not violent. Hydrogen and calcium hydroxide are produced : 
Ca ~h SHgO = Ca(OH )2 -f H 2 - crast of calcium hydroxide, Ga{OH) 2 , 
forms on the surface of the metal, and slews’^ down the reaction. If an acid 
be present, the reaction is rather violent. The properties of strontium and 
barium resemble those of metallic calcium, ail being silvery white 
metals. 

Atomic Weights. — ^Analyses of calcium chloride, calcium carbonate, 
etc., give numbers corresponding with a combined weight between 40*03 
and 40*23 ; the best representative value is taken to be 40*09 (oxygen 
= 16). Several different lines of evidence, to be discussed later, show 
that this number is not far from the atomic weight. According to Dulong 
and Petit’s rule, for example, the quotient of 6*4 divided by the specific 
heat of a solid element is a close approximation to the atomic weight of 
that element. The specific heat of calcium is 0*152. Hence 6*4 — 0*152 
= 42 approximates to the atomic weight of calcium. Barium and 
strontium respectively furnish the numbers 137*37 (extremes 137*10 and 
137*38) and 87*63 (extremes 87*37 and 87*68) for the atomic weights. 

Occurrence of these elements in nature. — The free elements do not 
occur in nature. Calcium compounds are rather abundant. The occur- 
rence of calcium as carbonate has already, been discussed. Calcium also 
occurs as sidphate in gypsum or seleniU^ ; as calcium fluoride, 

iti fluorspar ; as calcium phosphate in etc. The 

carbonate and sulphate are common in spring and river water. Calcium 
compounds occur in all animal and vegetable organisms. Bones contain 


S98 


MOBEBH momABlC CHEmSTRY 


a large, proportion of combined calcium. The chief natural compounds 
of barium ami strontium have already been indicated — stroiiUamtCf 
SrCO^ ; and cekstineyBvSO;^ ; hemy or barytes, BaSO.^ ; and wiiherite, 
BaCdg. It is worthy of note that if any two of these elements are found 
in the same mineral, the pairs will probably be barium and strontium, or 
strontium and calcium, for barium and calcium do not usually pair together 
in the absence of strontium— strontium is common in witherite, stron- 
tiiim in aragonite, and calcium in celestine. 

History.— The name ‘‘ oaMum ” is derived from the Latin calx, for 
lime. Lime was not distinguished from the other earths by the early 
fdieniists, but towards the middle of the eighteenth century lime was 
recognized m a distinct earth. 

Strontium is named after Strontian, a village in Argyllshire (Scot- 
land), ^rhere strontianite was first found ( 1787). The mineral was first con- 
founded with barium carbonate* In 1790 A. Crawford suggested that 
strontianite contained a peculiar earth, and based his opinion on the 
experiments of W. Cruickshank. The suggestion was confirmed by T. C. 
Hope (1.792), and by M. H. Klaproth (1793). 

F, Oasclorolus, in 1602, noticed that when heavy spar was calcined 
with combustible matters, the product became phosphox’escent in the dark. 
He called the stone lapis solis, and later, it was called “ Bolognian,” or 
Bononian phosphorus. The heavy spar which furnished lapis solis was 
at first believecl to be a peculiar kind of gypsum. K. W. Scheele (1774) 
found that the mineral contained a new earth which gave a sulphate 
I insoluble in water. Q, 4e Morveau called the earth barote — ^from the 

Greek 0apvs (barus), heavy — ^and Lavoisier later altered the wmrd to 
** baryta/' the name mw used for 'this earth. 


§ 6. The Relations between Calcium, Strontium, and Barium. 

The elements of the alkaline earths — calcium, barium, and strontium 
— exhibit a close kinship and display a gradation in their properties from 
member to member as the atomic weight increases in passing from calcium 
to barium. The elements become more active chemically as their atomic 
weight increases ; the specific gravities of the elements and compoimds 
increase ; the basic properties and solubilities of the hydroxides increase ; 
and the solubilities of the halides, nitrates, sulphates, and chromates 
decrease. The physical properties of the elements are indicated in 
Table XXI, next jiage. , . : ^ 

The metals are fairly stable in air ; they quickly tarnish in ordinary 
air ; and when heated, they bum to the monoxide ; they are aU bivalent ; 
they combine with w'ater with the evolution of hydrogen at ordinary 
temperatures ; and form soluble oxides of the tyqxe hydroxides of the 
type and peroxides of the type The salts are discussed 

under Chloride^/* Sulphates/’ “ Nitrates/’ ‘^Sulphides/’ etc. The 
normal carbonates are but sparingly soluble in w^ater ; the unstable acid 
carbonates are more soluble. The low solubility of the carbonates, chro- 
mates, and sulphates, is utilized' m, analytical work. All three carbonates 
are precipitated when ammonium carbonate is added to solutions of their 
salts. Radium, in this family of elements, will be discussed later. 
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Table XXI. — Physical Pboperties oe the Alkaline Eabth ^tfETALs. 



Calcium. 

Strontium. 

Barium. 

Atomic weight 


■ 40*09 

87-63 

1S7-.37 

Specific gravity . . . . , 


1*52 

2*56 

3*75 ■ 

Atomic volume 


26*4 

■■36*16 

36*6 

Melting point 


780® 

800® 

850® 

Subliming point 


720° 

770® 

820® 

Specific heat 


0*152 


0-0(58 

Flame coloration , , . , . 


Brick -red 

Crimson 

Green 

Heat of formation of monoxide 


131*3 Cals. 

130*98 Cals. 

130-38 Cals. 

„ of dioxide from monoxide 


4*11 Cals, 

13*07 Cals. 

18-36 Cals. 

„ of hydroxide . , . , 


16*3 Cals, 

17*7 Cals. 

22-3 Cals. 

Carbonate decomposes . 


' -825® ■ i 

1160® 

1842® 

Hydroxide decomposes . 


547® . 1 

778® 

'■■"■■■"■' 

Solubility of hydroxides (50°) , 


0*13 

■ 2*6 /:■ '■ 

13-1 

„ sulphates (10“) 


0*19 ! 

0*10 

0-0002 

„ chlorides (50'^) 


126 

1 • 72 

44 


Questions. 

1. What is lime ? How is it obtained ? What takes place (a) when lime is 
mixed with water ; (6) when it is heated strongly with sand ; (c) when it is exposed 
to carbon dioxide gas ? Give equations . — Aberdeen Vniv. 

2. Distinguish between quicklime, slaked lime, lime water, and milk of lime. 
What do they absorb from the air ? — Sheffi-eld Scientific School, U,S,A, 

3. Give the names and formulse of the four principal minerals containing 
calcium. How is metallic calcium prepared ? By w'hat reactions would it be 
possible to prepare from the metal specimens of (a) calcium ' droxide, (2>) calcium 
carbonate, (c) bleaching powder ? — London Vniv, 

4. Marignac found that 5 grams of strontium chloride containing six molecules 
of crystallization gave 3*442 grams of strontium sulphate. 


(H *= 1, O = 16, S = 32, Cl : 


Calculate 
35’5 ,) — London 


of water 

the equivalent of strontium. 

Univ. 

5. If the heats of formation of the following calcium compounds are nearly ; 

Iodide Oxide Bromide Chloride 

118*6 122 152 170 Cals. 

explain how chlorine will displace bromine ; bromine, oxygen I and oxygen, 
iodine from combination with calcium. 

6. Describe clearly how barium oxide can be employed for the preparation 
of oxygen. Barium oxide can be made by heating witherite and nitric acid 
together. What weights of witherite and nitric acid are required to prepare 
a Hlogram of barium oxide ? Assume that nitric acid of sp. gr, 1*40 contains 
65*3 per cent, of HXO g.—Bamfeay Univ. 

7. How does calcium occur in nature ? W%at are its principal compounds 
in everyday use, and how are they made from naturally occurring compounds ? 
How is metallic calcium made ? Give the formulae of the typical salts of calcium, 
and of the ions foimed on solution of these salts in water , — Sydney Univ. 


t: 



CHAPTEE SVIII 

Bekylligm, Magnesium, Zinc, Cadmium, and Meecuey 
§ 1. Beryllium and Magnesium. 

History of beryllium. — anatyzing beryl, in 1797, L. K. Vauquelin 
found that a precipitate wMcli he thought to be aluminium hydroxide, 
dissolved like aluminium hydroxide in potassium hydroxide; but unlike 
aluminhrai hydroxide, the solution furnished a white precipitate when 
boiled for some time. Unlike aluminium hydroxide, too, the precipitate 
was soluble in ammonium carbonate, and behaved in man}?’ other ways 
differently from aluminium hydroxide. Hence L. K. Vauqueiin announced 
the discovery of a new earth — “ la terre du Beril,’’ in 1798. The editors 
of the Annales de Ohemkt in w’^hich the discovery W'as announced, proposed 
the name glucine — ^from the Greek yXvfcus (ghicus), sweet — because 
many of the salts of Yauquelin’s ‘‘ le terre du Beril ” had a sweet taste. 
Since other salts poss^jssed the same property, the term lerylUa — derived 
from the name of the mineral — ^has almost displaced the term “ glucina ** 
from recent chemical literature, B. Wohler isolated the metal ber^dlium 
in 1828 by the action of potassium on beryllium chloride. 

Occurrence and extraction of beryllium. — The mineral heryl, 
3 Be 0 .Al 203 . 6 Si 02 , is the principal source of beryllium. The beryls 
include the gem-stones: emerald (pale green), and aqua marine (pale 
blue). Beryllium salts can be obtained from beryl by fusing the mineral 
with sodium carbonate ; digesting the resulting mass with hydrochloric 
acid ; evaporating the solution to dryness to separate the silica in an in- 
soluble condition ; extracting the soluble matters with dilute hydrcchlorie 
acid ; precipitating a mixture of aluminium and beryllium hydroxides 
with ammonia; dissolving the precipitate in potassium hydroxide; 
and boiling the solution so as to precipitate the beryllium hj-droxide. 
The precipitate is re*dissolved in acid and re-precipitated frcm the potash 
solution a number of times to ensure its freedom from alumina. The 
hydroxide can then be converted into various salts by dissolving it in the 
proper acid — ^hydrochloric acid for beryllium chloiide, etc. 

History of magnesium. — In 1695 N, Grew published a pamphlet 
describing a peculiar salt found in the mineral springs at Epsom. The 
medicinal properties of this salt attracted some attention ; in England 
the salt w^as called Epsom salt,” and on the Continent, sai anglicum,” 
Magnesia aiha fa basic magnesium carbonate) came into commerce from 
Rome about 1700 ; the term magnesia alba ” -was applied to the earth 
owdng to some fanciful contrast , with ** magnesia nigra,” the term then 
used for black oxide of manganese. In 1755 J. Black clearly distinguished 
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between magnesia and lime by showing that magnesia furnished a soluble 
sulphate, and lime a sparingly soluble sulphate. When H. Davy isolated 
the impure metal in 1808, he called it magnium.'’ At that time, the 
terms magnesium ” and ‘‘ inanganesium” -were applied synonymously 
to the element (manganese) derived from the mineral pyrolusite (man- 
ganese dioxide). To avoid confusion, the term ‘‘magnesium'’ was soon 
afterwards restrictedr^ to the element derived from magnesia alba ; and 
“ manganese ” to the element derived from pyrolusite. ^ 

Occurrence of magnesium.—Magnesium occurs in nature combined, 
not free, as magnesium carbonate in fmg7iesite, MgCOg ; double carbonate 
of calcium and magnesium in dolomite ^ MgCOg.CaCOg ; magnesium sulj>hate 
in Epsom salts, MgSO^-THgO ; and Jcieserite, MgS 04 .H 20 ; magnesium 
chloride in carnaUite and Icainite ; magnesium silicate in olivine, MgaSiO^j ; 
enstatite, MgSiOg, etc. Magnesium is also common in many other minerals : 
e.g. asbestos, steatite, spinel, meerschaum, serpentine, talc, etc. 

Atomic weight. — The combining weight of magnesium (oxygen = 16) 
has been determined by the analysis of the sulphate, oxalate, chloride, etc., 
and some of the best results lie between 24*26 and 24*39. The best repre- 
sentative value is taken to be 24*32. This agrees with the value for the 
atomic weight estimated by Dulong and Petit’s method of approxima- 
tion, specific heat, 0*2234 ; and the isomorphism of some magnesium salts 
with iron, zinc, manganese, etc., salts. Beryllium has an atomic w'eight 
approaching 9'i. 

Preparation of the metals. — ^IVIagnesium and berjdiium are closely 
related metals, both can be prepared by the electrolysis of the chlorides ; 
or of a mixture of the resj^ective chlorides with potassium cliioride. In 
the case of magnesium, fused 
carnailite can be used. The 
metals can also be made by heat- 
ing the chlorides with sodium : 

MgCla -f 2Na = 2NaCl + Mg. 

Both processes — electrolysis and 
sodium reduction — are used for 
magnesium on a large scale. 

Beryllium is of little commercial 
importance. 

Laboratory preparation of mag- 
nesium. — An artificial carnailite is 
first made by evaporating a solution 
of 20 grams crystalline magnesium 
chloride, 7*5 grams of potassium 
chloride, and 3 grams of ammonium 
chloride to dryness in a platinum 
dish on a water bath, and fuse the 
residue over a blast gas burner 
(Fig. 143). Pour the molten liquid 
into the bowl of a clay pipe (Fig. 14-3) 

heated over a gas burner. Put a knitting-needle dovm the stem of the pipe, and 
sink a carbon rod into the bowl as shown in the diagram. Connect the steel 
needle and the carbon rod with a source of electricity so that the former can act 

^ It is not very clear whether the ternoi. ** magnesia is a corruption of the word 
Mangana in the East Indies, or whether manganese corrupted form of the 
word Magnesia, a locality in Asia Minor* 
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as cathofl*^, the latter as anode. Cover the molten mass with a layer of charcoal 
dust. Pass a current of eleeferieit/'tabout 10 volts and 8 amps.) through the 
molten mass for about half an hour, and -let everything cool. \¥heii the mass is 
Ijroken ux> in a mortar, the small globules of magnesium metal, scattered here 
and there throughout the mass, can be picked out, and washed clean by means of 
alcolioL The object of the charcoal powder is to protect the metal from oxida* 
tioii should any globules rise to the surface. 

Properties of magnesium and beryllium.— Both metals have a 
silvery- white lustre, and low specific gravity. When ignited, magnesium 
burns in air, giving a brilliant white light of great actinic power. Both 
metals are slowly oxidized by moist air. Magnesium very slowly decom- 
poses boiling water. When heated in a current of steam., magnesium 
takes fire, and continues burning : Mg + SsHoO == Mg{OH)3 -f“ Hg. 
Ma.gnesiiim melts at G51'^, beryllium at about 1280°. Magnesium boils 
at about 1120\ Both metals readily dissolve in dilute h3^droehloric and 
sulphuric acids ; magBOsiuin is also rapidly dissolved bjr nitric acid, and it 
is perhaps the only metal which gives a copious jdeld of hydrogen when 
treated with nitric acid. Beryllium is not readily attacked by cold nitric 
acid, but is readily attacked by the hot acid. Beryllium is dissolved by 
g^M concentrated (say, 50 per cent.) solutions of the alkaline hj^droxides 
hydrogen gas is evolved : Be 4- 2KOH = Be(OK)2 4- ; a more 

dilute (say. 10 per cent.) solution attacks the metal only wdien heated. 
Alkali hydroxides thus behave towards the metal like a weak acid. 
Magnesium is not appreciably attacked under the same conditions. 
Beryllium seems to bear the same relation to alkaline earth metals that 
lithium bears to tlie alkali metals. Magnesium reacts with aqueous 
solutions of ammonium salts, forming a double salt with the evolution of 
hydrogen. Magnesium.,, when heated with nitrogen forms magnesium 
nitride, MggNg. Magne^sium is used in fiashlight preparations for photo- 
graphy, and also in making fireworks. 

Magnesiura and beryllium oxides. — The oxides can be prepared by 
igniting the metals in air, as well as by calcining the nitrates, carbonates, 
and sulphates in the presence of water vapour. Magnesium oxide is made 
from magnesium chloride of the Stassfurt deposits by converting the latter 
into the carbonate and calcining the resulting carbonate. The magnesia 
usta ” of commerce is made by the prolonged calcination of the carbonate 
at a low temperature. The so-called heavy magnesia, or magnesia 
ponderosa, of commerce is made by calcining heavy magnesium carbonate, 
and the light magnesia or magmsia Uvis, by calcining light magnesium 
carbonate. The two powders have a different specific gravity. 

Magnesia is slightly soluble in water, to which it gives a sHght alkaline 
reaction j 100 c.o. of water dissolve about 0*001 gram of magnesia. The 
higher the temperature of calcination, the less the solubility of the 
oxide, due, it is said, to the polymerization of the magnesia. This, 
however, has not been proved ; the alleged iow*er solubility may 
simply mean that the rate of dissolution is reduced. The oxide is 
not completely 'eonvert^l into the hydroxide by the action of water. 
The hydroxide is precipitated from solutions of magnesium salts by 
the addition of alkali hydroxides. Magnesium hydroxide, Mg(OH)2, is 
soluble in ammonium salts, and. hgace the precipitation with ammonia 
IS incomplete : Mg(0H)g-..4- SNIi^a ^ MgCi^ -f 2NH4OH. If enough 
ammonium salt be present in the solution, magnesium hydroxide wOl not 
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be precipitated at all ; at the same time, a soluble salt — probably 
(NH4)2MgCl4, that is, MgCl2.2NH4Cl — is formed in the solution. 

Magnesium oxide fuses at about 2500°, and beiyllia at about 2400°. 
On account of the refractory qualities of magnesia, it is used for pencils as 
an alternative to lime, in the so-called ‘ \lime-light ” ; and also for making 
refractory bricks (“ magnesia ” bricks made from calcined magnesite, and 

dolomite bricks” caicined dolomite), crucibles, cupels, furnace 

linings, etc. A paste made with w&ter and magnesia calcined at a iow' 
temperature behaves similarly to lime in mortar. It gradually re-hydrates, 
absorbs carbon dioxide from the air, and sets in about twelve hours to a 
hard mass. 

§ 2. ZinCf Cadmium, and Mercury— Occurrence and Preparation. 

History of zinc. — Brass, an alloy of zinc and copper, was known to 
the ancients, and several references to brass ” occur in the sacred writings. 
E. Jagnaux says that bracelets made of zinc have been found in the ruins 
of Cameros which was destroyed about 500 b.c. Such knowledge of zinc 
as was possessed by the ancients appears to have been lost for a time. 
The word “ zinken ” appears in the writings of Basil Valentine, but he did 
not refer to it as a metal, and he seems to ha'^'e confused it with several 
other substances. Paracelsus also used the word in the 16th century. 
At that time the term zinc appears to have been employed locally by the 
miners in the Carnia for an earthy ore. Agricola, in 1506, said that the 
smelters of Goslar extracted a metal from an ore at Rammelsberg. Near 
the beginning of the 17th century, zinc was brought from China and the 
East Indies under the name “tutanego.” Ijptdian tin, calamine, or 
speauter. Libavius (1597) said that the Indian tin and the Goslar metal 
were the same. About this time, however, there was much confusion as 
to the meaning of zinc. In 1697, Lohneyes appears to have been the first 
to definitely apply the term “ zink ” to the metal now known as zinc. 
In 1695 Mr, Homberg, and in 1721 J. F, Henkel, discovered that zinc 
oould be obtained from calamine, and a works for the manufacture of zinc 
was erected at Bristol about 1740 by J. Champion. Champion’s process 
was patented 1739 ; in this process the ore was distilled in large crucibles 
arranged with a pipe extending downwards through the bottom of the 
crucible. It is called the English process of “ distillation per descensum.” 
The process is obsolete. 

Occurrence of zinc. — Metallic zinc has been reported in the basaltic 
rocks of Victoria (Australia) ; but it usually occurs combined : as car- 
bonate, zinc spar, calamine, ZnCOs 5 sulphide, zim Uende or Mach jack, 
ZnS ; oxide, zincite or red zinc ore, ZnO ; silicate, wilkmite, 2ZnO.SiO,2 ; 
franklinite, (ZnPe)0.Ee203 ; zinc spinel or gaknite, EnO.AlaOg. 

History of cadmium. — The term (cadmeia) was applied by 

Discorides, and by Pliny, to a zinciferous earth (calamine) — found on the 
shores of the Black Sea — which when melted with copper furnished brass — 
aiiriclialcum. Pliny also ajpplied the term cadmia ” to the tutty (impure 
zinc oxide) found in the hues of brass-founders’ furnaces. In 1817 
E. Stromeyer discovered a yellow oxide free from iron in a sample of 
zinc carbonate used at the smelting ^orks at Salzgi|ter. This could only 
be due to the presence of a new metal which he called cadmium,” from 
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cadmia fornacuurty because the metal was found in the ‘‘ flowers of xinc,” 
that is, the flue dust of the zinc furnace. 

Occurrence of cadmium.— This element does not occur free. It is 
cominonly found accompanying zinc in eaiamine, and zinc blende. Very 
few zinc ores contain more than 0*5 per cent, of cadmium. The rare 
mineral gremockik., cadrnium sulphide, OdS, is of no commercial importance. 

Preparation of zinc.— Zinc and cadmium usually occur together. 
The ores employed are the carbonate, oxide, and sulphide. The process 
involves two operations : (1) Roasting . — The object is to convert the sul- 
phide into the oxide hy calcination. The oxidation of the carbonate 
}>respnts no difficulty : ZnCO^ = ZnO -f COo. In the case of the 
siiiphitle, tile sulphur is oxidized by calcination in air, usually in 
furnaces with mechanical stirring devices, 2ZnS -f 3O2 = 2ZnO 4" 2SO2. 
(2) Reduction. — ^^Fhe crushed oxide is mixed with crushed coke and heated 
to bright redness in fireclay retorts. The oxide is reduced with the 
formation of carbon monoxide : ZnO 4- 0 = Zn -b CO. The common 
oxides are reduced by a reaction of the type MO 4~ 00 ^ M 4- 00 2, 
wffiich is reversible ; but the concentration of the carbon dioxide must be 
very great before the right-to-left reaction becomes appreciable. With 
the reaction between zinc vapour and carbon dioxide, the back reaction 
is marked ; and when carbon dioxide is passed over hot zinc, the gas is 
reducfcxl to carbon monoxide, and zinc oxide is formed. Hence, to com- 
plete the reduction of zinc oxide in the retort, it is necessary to continuously 
destroy the carbon dioxide by using an excess of carbon : CO2 4- C = 2CO. 
Zinc oxide is reduced by carbon at a temperature higher than the volatiliza- 
tion tem|)erature of the zinc. The metal distils over at about 1030®, and 
collects in fireclay or iron receivers. At first a fine bluish-grey pow^der — 
zinc dust ’’ — collects in the receiver. This is a mixture of zinc oxide and 
powdered metal. When the receiver is warm, the metal condenses to a 
liquid, winch is dimvn oii at intervals and cast into plates or bars. If 
zinc sulphate had been produced during the roasting of the sulphide, 
ZaiS + 2O2 — 2nS04, E ■would be reduced by the carbon back to the 
sulphide, and thus reduce the yield of metal by the ore. The zinc so 
obtained — caUed spelter — contains carbon, iron, lead, arsenic, and cadmium 
as impurities. It may be refined by careful distillation. The fireclay 
retorts have different shapes, and diflerent types of condensers are used in 
different smelting works. The prevailing styles 

s.re the Silesian, Belgian, and Bhenish. The 

so-called Belgian retort is an oval or cylindrical 
^ tube — 6^^ to lO"' diameter, and about 3' or 4' 

long. The retort is fitted with a conical tube 
— about 16'^ long — as condenser, Fig, 144. The 
wide end fits the retort and the narrow end is 
fitted with a sheet iron nozzle to catch any 
zinc dust. The retorts are built into the furnace in rows and tiers. 
Some of the furnaces running to-day have banks with hundreds of 
retorts. Tiiere have been no radical changes in the metallurgy of zinc 
since the first Belgian furnaces were built in the early part of last eentuiy. 
Electric furnaces for the smelting of zinc ores have made no pronounced 
progress, mainly due to the fact tEat a large unmanageable proportion 


Fki, 144.' — Belgian Zinc 
Retort, 
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Preparation of cadmium.—The jSrst product of the distillation of 
zinc ores contains most of the cadmium partly as metal, partly as oxide. 
The zinc dust is reduced in clay or iron retorts and redistilled. The 
product, called /‘ crude cadmium,” contains some zinc from which it can 
be separated by repeated distillation at a low temperature or by electro- 
lysis. A solution of cadmium chloride or sulphate-containing up to 30 
per cent, of cadmium— is electrolyzed with crude cadmium as the anode, 
and pure cadmium as cathode. The cadmium dissolves from the former 
and is redeposited on the latter. There are not enough cadmium ores to 
allow cadmium to be extracted for its own sake, and hence the extraction 
of cadmium is often a “ side line ” in a zinc smelting works. 

History of mercury. — -Mercury was mentioned 300 b.c. by Theo- 
phrastus as x*^6s dpyvpos (chutos argyros), quicksilver or liquid silver ; 
and he states that it can be made by rubbing vinegar with cinnabar in a 
copper vessel Discorides called it ti^cop dpyvpos (hydor argyros), liquid 
silver; hence the Latin and the present-day symbol Hg. 

The metal had a certain fascination for the alchemists, and for a time they 
believed that it, or something similar, was a constituent of all metals. 
“ Nimble volatile mercury” was named after the mythological Mercury, 
the messenger of the gods, and accordingly the ancient chemists s^mibolized 
the metal by the caduceus or herald’s wand also used for the planet 
Mercury. 

Occurrence of mercury. — Free mercury in small quantities occurs 
disseminated in the ores of mercury, which in turn occur in relatively few 
places in payable quantities. The mercury deposits are usually found 
along lines of profound volcanic disturbances. Cinnahar^ HgS, is the 
chief ore of mercury, and it is mined in Almaden (Spain), Idria (Carnioia), 
Bavarian Palatinate, Peru, California, Japan, China, etc. The great 
quicksilver mine at Almaden is said to have been worked at least as far 
back as 415 b.c. Pliny (c. a.d. 77) reported that 10,000 lbs, of cinnabar 
were brought to Rome per annum from tliis locality. The American 
deposits range from Alaska along the Pacific slope down to Peru. At one 
time the output from America rivalled that from Almaden, but, unlike 
the latter deposits, the American, and indeed most others, decrease in 
value with increasing depth. 

Preparation of mercury. — Mercury is obtained almost exclusively 
from cinnabar, HgS. The ore is first crushed dry and then sorted by hand 
or screen into two grades. The one is a rich ore, the other contains much 
gangue. The ore is roasted to oxidize the sulphur, and the metal is 
liberated : HgS + 0^ = SOg + Hg ; or else the ore is distilled with iron 
or lime in closed retorts %vhereby calcium sulphide and mercury are 
formed : 2HgS + 2CaO = 2CaS + 2Hg + Og ; or HgS -f Fe == FeS + 
Hg. The reactions here take place at a temperature higher than the 
boiling point of mercury, so that the metal separates in the vaporous 
state. The greatest difficulty in the extraction of mercury lies in its 
extreme volatility. The workmen, tooj have to be protected from the 
toxic vapour. The air oxidation process is generally used with rich ores, 
but different condensing arrangements are employed in different works. 
The mercury, for example, may be condensed in large chambers as at 
Idria ; or in a series of pear-shaped vessels — ^aludels— connected in rows 
nearly 50 feet long as at Almaden. About six trains of aludeis are con- 
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iiected -with one roasting furnace. Witb. poor ores, the roasting is con- 
ducted in reverberatory furnaces. Yertfcal furnaces are also employed ; 
these are fed at the top alternately >vith ore and fuel. The sulphurous 
and mercurial vapours pass from the furnace tlirough condenser tubes 
cooled by a streaxn of water on the outside. Omde mercury is sent into 
commerce in iron bottles holding about 75 ibs. of liquid metal. The 
mercury may be cleaned hy filtration through chamois leather; and 
purified by (iistiilation from iron retorts. In the laboratory, mercury is 
often purified by running a fine spray of mercury down a long column of 
dilute nitric acid (specific gravity IT), or a solution of mercurous nitrate, 
followed by distillation in vacm» Purified mercury does not wet ” 
glass, but runs over glass iir clean rounded globules ; if, however, the 
mercury be contiaminated with foreign metals, a film of oxide is formed 
and the globules which rim on the glass p^roduce a “ tail ” on the surface 
of the glass. 

§ 3, The Properties of Zinc, Cadmium, and Mercury. 

Cadmium and zinc are white metals. If zinc be melted in a cnicible 
and poured on to a non-conducting surface of, say, asbestos, and the 
liquid portion then run ofi from thai which has solidified, a crust of 
hexagonal pyramidal ciystals will be obtained. Obviously the external 
geometrical form of a crystal can be developed only when the crystal is 
developed in a free liquid. When cooling a liquid solidifies e7i masse^ the 
growing crystals interfere with one another and, when a section is cut 
through the mass, the solid appears as an aggregate of irregular polygons, 
Mi»t metals are aggregates of minute crystals grown under these con- 
ditions. If the polished surface of a section tlirough a piece of tin be etched 
with hydrochioric acid ; zinc, with very dilated hydrocliloric acid ; or a piece 
of lead with diluted nitric acid, the polygonal areas can be seen with the 
naked eye ; with Iron, the surface must be magnified because the crystals 
are so small In general, for a given metal, the average size of the crystals 
depends upon the rate of cooling. The slower the cooling the larger the 
crystals. Thus, the centre of a large mass of cast metal will appear to 
have a more coarsely granular texture than near the boundary walls. If a 
solution of one metal in another be cooled, one constituent may crystallize 
out and leave the eutectic mixture to solidify last. On the polished or 
etched surface of such an aHoy, the eiystais appear to be embedded in the 
eutectic matrix; illustrations appear in Pigs, 59, 64, etc. Zinc is 
brittle at ordinary temperatures, but ductile at 100^-150°, and it can then 
be drawn into wire, and roiled into sheets. Cadmium is ductile enough at 
ordinary temperatures to be rdlled into sheets and drawm into wire. 
Cadmium wire when heated for a long time to disintegrates. This is 
supposed to be due to the formation of an ailotropic modification which 
has a transition temperature of 65^. , If ordinary cadmium be heated for, 
say, 24 houm at this temx>erature, the specific gravity diminishes. Zinc, 
similarly treated at lOO'^ changes in specific gravity from 7T29 to 7T02. 
Hence it is also inferred that zine exists in at least two ailotropic- forms. 
Zinc is brittle at 200®, and it can then be readily powdered. Cadmium 
melts at 320*9®, zinc at' 419*4®..'" .'Mercury is a silvery-white metal -with a 
slight blue tinge ; It is liquid at'brdinaiy temperatures ; esesium melting 
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at about 26^^ may be liquid on a hot summer’s day. In thin films, mercury 
is violet by transmitted iiglit. It solidifies into a malleable solid at 
— 3S’87°. Mercury does not tarnish in air. Both cadmium and zinc are 
slowly oxidized by moist air, and in water containing air in solution, the 
metals are oxidized with the formation of basic carbonates. Both metals 


are attacked by dilute hydrochloric and sulphuric acids giving hydrogen, 
and a zinc or cadmium salt. The reaction with sulphuric acid is influenced 
by the temperature and concentration of the acid ; thus, with nearly pure 
zinc and dilute acid, the products are h^^-drogen and zinc sulphate ; as the 
temperature or concentration of the acid rises, the proportion of hydrogen 
decreases, and hydrogen sulphide and sulphur dioxide appear, until, with 
very concentrated acid, sulphur dioxide is the main gaseous product. 
With commercial zinc of a low degree of puiity, sulphur dioxide and 
hydrogen sulphide can generally be detected, even when the acid has a 


dilution of 1 : 100. Hence the reaction between zinc and sulphuric acid 
is more complex than is represented by the equation Zn -f- H^SO^aq. == 
ZnS 04 aq. -f Nitric acid and zinc give oxides of nitrogen. Cadmium 
is insoluble in alkaline hydroxides, but zinc dissolves, ghing ofi hydrogen 
Mercur}' is not attacked by hydrochloric acid; concentrated 
sulphuric acid acts very slowly in the cold; but when heated, mercuric 
sulphate, HgSO^, sulphur dioxide, and some mercurous sulphide are 
formed. Concentrated nitric acid rapidly attacks mercury, forming 
mercuric nitrate and oxides of nitrogen. "Dilute nitric acid acts slowly, 
giving mercurous nitrate. Alkali hydroxides have no appreciable action 
on mercury. 

Amalgams. — ^Mercury is a good solvent for some of the metals. The 
solutions are caked “amalgams.” Mercury amalgamates, or, in the 
language of the alchemists, mercury 
devours or licks up gold, silver, 
cadmium, tin, bismuth, lead, zinc, 
etc,, at ordinary temperature, and 
others are dissolved at higher tempe- ^ 
ratures. Finely divided copper readily ^ 
amalgamates, but in mass the action 5 
is very slow. Arsenic, antimony, and 
platinum can be amalgamated with | 
difficulty, while cobalt, nickel, and 
iron do not amalgamate ffireotly. The 
phenomena attending the solution of | 
the metals in mercury appear to be vfc 
closely analogous with the solution of 
different substances in water. A con- 
siderable amount of heat is often 
developed, as is the case when sodium 
or potassium metals are dissolved in Molar per cent of mercury 
mercury. The freezing points of solu- i45.--.Freezmg Curves of Potaa- 
tions of potassium in mercury are sium-Mercury Amalgams, 

indicated by the curve, Fig. 145. 

Compare Figs. 59, 104, etc. The breaks in the curve correspond with the 
formation of the following compounds : ELHg (melts 17S®) ; KHg 2 (270°) ; 

(204°); (173°); KBg^ (7&°). Two well-defined eutectics 
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occur at 47 ® and —43 The numbers in brackets represent melting points. 
With sodium, the following compounds are indicated on the freezing-point 
curve: XaHgi (159^); NaHgo ^aHg (129°); Na^Hga (123°); 

XaJIga (62°); Xa^Hg ( — 34°). Wlien the potassium amalgams are heated 
to 446°* cxystailine KHg2 remains behind, with sodium, XagHg. These 
latter compounds spontaneously iiifiame wdieii exposed to the air. Gold 
and silver dissolve readily in mercury, and this fact is utilized in the 
extraction of gold when the mercury acts as a collector and saver 
of minute particles of gold which would otherwise be lost. Hence, it has 
been said that *’ mercury is practically indispensable in the gold-mining 
industry.^^ The cyanide process has, however, weakened the force of that 
quotation. Tin amalgam is soft, and is used in making mirrors. Amal- 
gams of gold, copper, and zinc, are used in dentistry for stopping teeth, 
Zlm amalgam is but slowly attacked by sulphuric acid, and amalgamated 
zinc is used in xnaking batteries, because the zinc is not then wasted by 
dissolution in the acid ; the amalgamated zinc dissolves only wdien the 
circuit is elosecL To amalgamate zinc plates, first clean the j^late free from 
grease by washing it with dilute soda-lye ; then w-ash in dilute sulphuric 
acid ; and finally rub mercury well over the surface until the zinc plate 
appears to be covered with a bright silvery film. 

The atomic weight of zinc and cadmium. — The combining weight 
of zinc has been determined by the analysis of the halogen compounds, 
the carbonate, and the sulphate, and the synthesis of the oxide. Some 
of the best results (oxygen = 16) vary between 65*24 and 65*99; and 
the best representative value Is t^en to be 65*37, which agrees with the 
atomic weight estimated from the isomorphism of zinc salts with some 
salts of magnesium, manganese, etc. ; the vapour density of volatile 
compounds of zinc ; and Biiiong and Petit’s method of approximation, 
specific heat of zinc, 0*0935. The atomic w^eight of cadmium determined . 
by similar methods is 112*4. Zinc and cadmium are usually considered 
bivalent, although organic chemists recognize the probable existence of 
monovalent forms. 

The atomic weight of mercury, — Some of the best determinations 
of the combining weight of mercury, by the analysis or synthesis of mercury 
oxide, sulphide, chloride, bromide, and cyanide give numbers ranging from 
199*83 to 200*23. The best representative value (oxygen == 16) is taken 
to be 200 ; and this number also corresponds with the atomic w^eight 
estimated from the vapour density of volatile compounds of mercury ; and 
the isomorphism of some mercury salts with salts of lead, copper, etc. 

Uses.— Zinc is used in making the ancde plates of batteries and in 
making certain utensils. It is also a prevailing constituent in certain 
alloys: brasses, German silver, bronze, etc. (q.v.). Galvanized iron is 
iron covered with a protective coating of zinc to prevent rusting. In one 
process of galvanizing, the iron is first cleaned with acid or sand blast, 
and subsequently dipped in molten zinc ; in another process of galvanizing, 
the zinc is deposited eiectrolytieally, similar to electroplating, described on 
p. 357. Mercury Is used in making certain medicinal preparations — 
biue^ pills, mercurial ointments, corrosive subhmate, calomel, etc. ; in 
making the pigment vermilion ; in the manufacture of mercury fulminate — 
the ^tive agent used in igniting detonating mixtures and explosives ; in 
making amalgams; and in the manufacture of scientific instruments—" 
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thermometers, barometers, etc. Cadmium is used in making certain 
fusible allots (g.t’.). 

;.| 4, The Oxides of Zinc, Cadmium, and Mercury. . ^ 

; .' 'Zinc, . monoxide, ' ZnO ;■ and cadmium monoxide, CdO.'.— The' 
monoxides ot zinc and cadmium are formed when the metals are burnt 
in air ; 2Zn -f Og ~ 2ZnO. Zinc oxide, under the commercial name 
zinc white,” is manufactured by heating zinc in air and passing the fumes 
into condensing chambers where the oxide collects. Zinc oxide is used 
in place of white lead as a white irigment where the blackening of white 
lead is objectionable ; nor is zinc oxide liable to produce toxic effects if 
carelessly used, as is the case with lead paints which then produce painter’s 
colic.” A large quantity of zinc oxide is used in the manufacture of rubber 
goods—tyres for motor cars, etc. Zinc oxide appears yellow when hot, 
white when cold. The mineral zinicenite is a form of zinc oxide which 
occurs in hexagonal prisms. Cadmium oxide, CdO, has a rich brown 
colour. Zinc oxide forms hexagonal crystals if heated to a very high 
temperature ; it does not melt even in the oxyhydrogen blowpipe, but, 
like lime and magnesia, the oxide is vividly incandescent under these 
conditions, it afterwards appears phosphorescent in the dark. 

Zinc hydroxide, Zn{OH) 2 ; cadmium hydroxide, Cd{OH) 2 .— These 
hydroxides cannot be produced by the action of water on the oxides. 
As' in the case of magnesium salts, the hydroxide is precipitated by am- 
monia, but it is soluble in an excess, particularly in the presence of am- 
monium salts. 100 c.o. of water dissolve but 0*0004 gram of zinc oxide. 
The hydroxides are precipitated when an alkaline hydroxide is added to a 
solution of a zinc or a cadmium salt. Zinc hydroxide, unlike cadmium 
hydroxide, is soluble in an excess of the alkaline hydroxide, forming salts 
of the type Zn( OK) g, called zincates. The same salt is formed when zinc 
metal is dissolved in potassium hydroxide. The zincates are to be regarded 
as salts of the amphoteric zinc hydroxide, Zn(OH) 2 , w’hioh behaves as a 
dibasic acid, zincic acid, HgZnOg, and as a basic hydroxide. Both 
hydroxides are soluble in aq. ammonia, and ammonium chloride, not 
because of the acidic character of the hydroxide, but because of the 
formation of soluble complex compounds with ammonia — e.gr. the solution 
of cadmium hydroxide in aq. ammonium chloride furnishes a mixture of 
crystals of Cd0l2.2NH3 ; CdCla.NH^Cl ; and CdClaANH^CL Both oxides 
are basic and yield salts on treatment with acids. 

Zinc and cadmium peroxides. — Both zinc and cadmium form 
peroxides : ZnOg and OdOg, when the oxides are moistened with hydrogen 
peroxide. Better yields are obtained by electrolyzing solutions of the 
respective chlorides in vessels fitted with a porous diaphragm and with 
hydrogen dioxide added to the cathode compartment. They are probably 
superoxides, so that they are represented by the constitutional formuise ; 

Zn<^ and Cd<^. These peroxides are easily decomposed by acids with 

the evolution of oxygen. The peroxides of zinc and cadmium, and also of 
magnesium are less stable than the peroxides of the alkaline earths. 

Cadmous oxide, CdgO. — ^When ea&niirm chloride, CdClg, is heated 
with metallic cadmium, a lower ehlonde, cadmous chloride, CdCl, is 
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formed. This when treated mth water gives cadmous hydroxide, OdOH, 
and this, in turn, when gently warmed, gives cadmous oxide, Cd^O. 
2;inc does not form an oxide lower than the monoxide, ZnO ; hence 
cadmium, in this respect, is more ciosel}^ related with mercury, w'Mch 
also forms two oxides, mercuric oxide, HgO, and mercurous oxide, HgaO. 

Mercurous oxide, HggO. — ^This oxide is formed as an unstable dark 
brown powder tvhen calomel, HgCl, is digested with an alkaline hydroxide : 
Hgi:i 4- KOH KCl 4- HgOH ; 2HgOH Hg.O 4- H,0 ; and as a 
black pow’der wiien an alkaline hydroxide is added to soluble mercurous 
salts. Xo corresponding hydroxide is known. Instead of being oxidized 
in air, mercurous oxide is decomposed when wmrmed, or wiien exposed to 
air in the light, forming mercuric oxide and mercury : 2 Hg 20 = 2HgO 4- 
2Hg. llercuroiis oxide is feebly basic, and it exhibits no acidic qualities 
likcrzinc oxide.' 

Mercuric oxide, HgO. — ^At first sight, this oxide appears to exist in 
two distinct modifications — red and yellow. If a mercuric salt be treated 
wdth an excess of a&aline hydroxide in the cold, mercuric hydroxide is 
probably formed, but this immediately decomposes into yellow mercuric 
oxide. If the precipitation be made from hot solutions, an orange pre- 
cipitate is obtained. The difference in colour is probably due to the state 
of subdivision of the precipitate. The larger the granules, the redder the 
tint. If mercuric oxide be prepared by the ignition of the nitrate, or 
by calcining the metal in air, nearly at its boilhig point, the oxide is red 
and distinctly crystalline, the yellow oxide becomes red when heated to 
about 400". When heated, the red oxide darkens in colour and finally 
appears almost black; the red colour returns on cooling. If heated 
above the temperature at which the oxide appears to blacken, it decom- 
poses into mercury and oxygen. The yellow and red oxides are slightly 
soluble in water. At 25^ a Htre of water dissolves 0*0513 gram of the red 
and 0*0518 gram of the yellow oxide ; the solution has an alkaline reaction 
mth basic, but no acidic, qualities. 

On account of the ease with which mercuric oxide parts with its 
oxygen, it is an active oxidizing agent. The yellow oxide is more active 
than the red, probably owing to its finer state of subdivision. Hence, the 
yellow oxide was used in preference to the red in preparing chlorine 
monoxide and hypochlorous acid. 

§ 5. The M^nesium-Zinc Family of Elements. 

These elements form a family related in many ways with one another, 
and with the metals of the alkaline earths. Beryllium and mag* 

Be nesium form a kind of subgroup ; zinc, cadmium, and mercury 
I form another subgroup. The metals beryllium and magnesium. 

Mg but more particularly the former, are bridge elements ” in that 
they appear to link the alkahne earths with zinc, cadmium and 
Ca \ niereury. The scheme indicated in the margin is sometimes 
I Zn used to illustrate the idea. The vapours of all the elements 
Sr [ appear to be composed of monatomic molecules. The chemical 

i Cd relations have been discussed in what precedes ; the physical 
I properties of 'the metals are summarised in the following 
■Mg tabiej-- . ^ 
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Table XXII.— Physicax- Peobebties . of the MAOKEsirM-ZiNc 'AFetals. 


■■■ ■' 

Borylliimi. 

1 

Magnesium. 

i'- , . 

Zinc, 

Gadrniurn. 

Mercury, 

Atomic weight . 

9-i • 

24*32 

65-37 

i 

112*40 ' 

200-0 

Specific gravity . ' 

1*64 

V75 

■ 6-9-7-2 

8*6 

13*6 

Atomic volume . : 

5*5 ' ' 

13-8 

934 

13-0 

15-4 

Melting point . : 

1280° 

651° 

^ :419-4° 

320-9° . 

- 3S-7° 

Boiling point . j 

■ ’ — , ■ 

1120° 

1 916° 

"780° :i 

357-3° 


The metals are not oxidized so readily as the alkaline earths. The 
affinity of the metals for oxygen decreases with increasing atomic -weight. 
Ber^dlinm does not hear so close a relationship to magnesium, zinc, and 
cadmium, and, while mercury has a great many similarities, it has many 
important differences, thus : (1) The salts are all volatile ; (2) it does not 
readily combine with oxygen : (3) its hydroxide is difficult to make ; (4) 
the black sulphide is virtually insoluble in nitric acid ; and (5) it foims two 
chlorides one of which resembles silver chloride. As a matter of fact, the 
properties of the mercuric salts can scarcely be said to fraternize very 
closely with the salts of any other metal. 

The carbonates of these elements break up when heated into carbon 
dioxide, and a residual oxide, and the oxides ai^ but sparingly soluble in 
water. Magnesium oxide is white ; zinc oxide is wffiite when cold, yellow 
when hot ; cadmium oxide is brown when cold ; and mercuric oxide is 
red. The oxides and hydroxides are soluble in solutions of ammonium 
salts. Cadmium, like mercury, forms a lower oxide and chloride. The 
basic character of the hydroxides decreases with increasing atomic weight. 
The hydroxides are not made by direct union of the oxide with w^ater, 
and the water is easily expelled from the hydroxides by heat. This is 
not the case with the hydroxides of the alkaline earths. The sulphates 
are soluble, and zinc and magnesium sulphates are isoinorphous ; the 
sulphates are ail less stable than those of the alkaline earths, and their 
stability decreases wdth increasing atomic w^eight. The sulphates all com- 
bine with potassium sulphate — e,g. ZnSO4.K2SO4.6H2O. The chlorides 
are all volatile deliquescent solids; zinc and magnesium chlorides are 
readily hydi’olyzed in aqueous solution, and form basic salts when the 
solutions are evaporated to dryness. This is not the case with cadmium 
and mercuric chlorides. The two latter readily combine with ammonia 
to form complex salts, and cadmium like mercury forms a lower oxide 
and chloride ; the iodides of these two elements are isomorphous. The 
halides become less stable on passing from beryllium to mercury. 
Magnesium and zinc chlorides are hydrolyzed in aqueous solution and 
form basic salts on evaporation to dryness. This is not the case with 
solution of cadmium, and mercuric , chlorides. The sulphides .increase in 
stability and are less soluble as the molecular weight increases. The 
sulphides of the first two elements are not formed in the presence of 
w’^ater; zinc sulphide is stable in aqueous and slightly acidic solutions; 
cadmium sulphide is dissolved by concentrated and not by dilute acids ; 
whereas mercuric sulphide is scarcely attacked, even by boiling nitric acid. 
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Questions. 

1. State B.ny facts known to you w^hich tend to show that some alloys are 
compounds and not mere mixtures of the constituent metals. — London Univ. 

2. One litre of mercury vapour at the standard temperature and pressure 
weighs 8‘923 grams. On heating 118*3938 grams of mercuric oxide, Erdmann 
arnf Hareluind obtained 109*6308 grams of mercury. On the assumption that 
mercuric oxide is formed by the union of one atom of mercury with one atom of 
oxygen, what liglit do these facts throw on the atomic and molecular weights of 
mereury ? — Science and Art Dept, 

3. How is potas.sium chloride converted into (1) caustic potash, (2) jDotassium 
enlorate ? Starting from carnallite, the double chloride of magnesium and 
putassium, show briefly how the metals magnesium and potassium can be obtained. 
— Owensi Coll. 

4. How can mercuric and mercurous chloride be obtained from mercuric 
sulphate ? ^Vhat is the action of niereuric chloride solution with solutions of 
(a) potassium iodide, (b) stannous chloride, (c) ammonia, (d) sodium hydroxide ? 
— London Unit'. 

5. H.OW would you prepare x^iire calcium carbonate from an impure magnesium 
limestone ? — Cleveland Univ, School, Ohio, 

6. The adjoining curve, Fig. 146, represents the melting points of the series 
of alloys formed by two metals. What do you learn from 
the curve, and ’what would be the appearance under the 
microscope of prepared specimens of the compositions 
marked B, G? — Sydney/ Univ. 

7. Mercury forms two classes of salts— --m.erc’Ptrous and 
mercuric salts. Illustrate by examples how these salts 

^ Cofftfiasitis/} differ in composition from each other. How would you 
discover whether a given mercury salt was a mercurous 
Fig. 146; or a mercuric salt 7 — London Univ. 

8. A crystalline compound afforded the following num- 
bers on analysis : — 

Magnesium Potassium Sulphur Oxygen Water 

5*95 19*44 15‘99 31*82 26*86 (Total 100*00), 

Calculate its formula, given Mg — 24, K = 39, S = 32, 0=16, H = 1. — 
London Univ, 

0. Six grams of anhydrous magnesium sulphate are dissolved in 100 grams of 
water ; the observed depression of the freezing point is 0*958°, Taking the value 
of the freezing constant as 18*5, what formula most probably represents the state 
of the dissolv^ salt ? 

10. Supposing the composition of lime to be still unkno’U’n, show that a ccm- 
parison of the properties of lime with those of the oxides formed on burning 
magnesium and zinc in air would make it appear probable that lime also is a 
raetaOic oxide. — London Univ. 

11. Give an account of the metal mercury and of its behaviour towards the 
common acids. Give the formula? and names (systematic and trivial) of its chief 
compounds,— hoiadon Univ. 

12. A zinc blende contains 72 per cent, of zinc sulphide, ZnS, and 0*5 per cent, 
of c.admiiim sulphide, CdS ; the rest consists of refractory non-reducible earthy 
matters. How much coke containing 92 per cent, carbon is theoretically neces- 
sary for reducing the roiisted blende, and how much zinc and cadmium^ can bo 
theoretically obtained from 2 tons of the original zinc blende ? — G. Bornemann 
Stochiomeirie, Leipzig, 1909, 

13. What are the chief ores found in Europe from which zinc is extracted ? 
Describe the process used in England and Belgium for the extraction of zinc and 
for its purification. What other less common elements are found associated with 
zinc, and how are they separated ,? What are the common impurities in com- 
mercial zinc t— Bctence and Aft 



CHAPTER XIX 

The Alkali Metals 

§ 1. Potassium and Sodium Carbonates. 

Potash is both wealth and weapon. Our position as sole producer gives ua 
the power of causing grave injury to the agriculture of our enemies by 
stopping the export of salts so indispensable to them for manurial purposes. 
If raw materials are refused us, we shall revenge ourselves on the enemy’s 
agriculture with this war cry : ‘‘At the enemy with a kilo of potash i” — 
VOSSTSCHE Zeitung (Nov. 23, 1917). 

Potash is an indispensable agent for manurial purposes in agriculture, and 
during the Great War, when supplies from the Stassfurt deposits were cut 
off, a serious potash famine was threatened. The chief sources of potash 
are: (1) Natural potash beds at Stassfurt (Germany), Alsace (France), 
Galicia (Austria), Catalonia (Spain), Punjab (India), Atacama (Peru), 
Searie’s lake (Nebraska), etc. (2) Sea>water, brines, and many lake 
deposits have potash salts associated with sodium salts which can be 
separated by fractional crystallization. (3) The ashes' of vegetable matter 
— e,g, wood ashes, beetroot residues, seaweeds, sunflower stalks, hedge 
trimmings, banana skins, etc. {mde infra), (4) The water used in washing 
grease from wool {vide infra), (5) Products resulting from the decay of 
organic matter — e.g, Indian and South African nitres. (6) Blast furnace 
and cement-kiln dust. (7) The insoluble potash minerals — e.g, felspar, 
alunite, leueite, etc. 

The ash of wood, not coal, contains about 5 to 15 per cent, of potas- 
sium carbonate. In special districts it may be profitable to burn wood in 
pits and extract the ashes with water in wooden tubs. The clear liq^uid is 
evaporated to dryness in iron pots and calcined to bum away the organic 
matter. The residue is the so-called American potash^ that is, pot-ashes. 
Instead of evaporating the aqueous extract to dryness, a purer product can 
be obtained by evaporating the liquid until the less soluble impurities 
crystallize out, and finally evaporating the mother liquid to dryness as 
before. White refined potash is sometimes called pearl ash. Potash is 
also obtained from the residue left after beet sugar has been fermented, and 
the alcohol removed by distillation. The liquid in the retort is evaporated 
to dryness, calcined, and extracted with water as before. 

The potash found in plants is derived from the soil, and the potash 
in the soil is one product of the decomposition of rocks which form the 
earth’s crust. The potash which herbivorous animals — e.g, sheep — draw 
from the land is largely exuded as an oily sweat from the skin, and called, 
after the French, suinL The saint accumulates in the wool so that it may 
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form as inucb. as one-third the weight of raw merino wool. The liquid 
in whivli wool is first washed contains most of the suint. This liquid can 
be evaporated to dryness and heated in ii'on pots or retorts. Potassimn 
ca.rl)onate is extracted from the residue by lixiviation mth water as indi- 
cated above. Much of the potassium carbonate in commerce is inanii- 
iactured from potassium sulphate by Leblanc’s |)rocess, to be described 
later. 

Potassium carbonate exhibits the typical allcaline reaction, for it turns 
red litmus blue, but, like calcium carbonate, it is a salt, and is formed by the 
iiriion of the base potassium oxide, KoO, with carbon dioxide, COg. When 
treated with an acid, the carbon dioxide is expelled, and another salt is 
formed. Thus with liTdrociiloric acid : K 0 CO 3 + 2HG1 = 2KC1 -j- COo + 
H.O. *' . 

The alkaline lakes of Nevada and South California give sodium car- 
bonate Oil evaporation. “ Natural soda,” also called trona or uraOf has 
been extracted comiiiercially from a number of localities. Owen’s lake 
in California has been estimated to contain between 20 and 40 million tons 
of alkali carbonate. The deposit at Searle’s lake also contains much 
alkali. Trona has a com|)Osition corresponding vdth NagCOs.NaHCOg. 
2 H 2 O. Trona also occurs in Eg 5 ’'pt. The deposits at Wadi Natrun in 
the Libyan district (N. Africa), and at Zoutpan (S. Africa), are worked. 

Historical. — ^^¥hiie the ashes of land plants furnish potassium car- 
bonate, the ashes of sea plants furnish a similar, but not identical, alitali — 
sodium carbonate mixed mth a little potassium carbonate. Both sodium 
and potassium carbonates were once included under the Arabian term 
alkali. In order to distinguish these two salts from ammonium carbonate, 
they were termed fixed alkalies, and ammonium carbonate was called 
volatile alkali. H. L. Buhamel du Monceau (1736) first clearly recognized 
the diteenee between potash and soda, and the two were distinguished 
by using the term vegetable alkali for potassium carbonate, and tnioeral 
alkali for sodium carbonate. When M. H. Klaproth (1796) showed that 
the vegetable alkali occurred in many minerals ; the term potash (English), 
or potasse (French), was applied to this particular compound. The 
Germans use the term Icali — derived from the Arabian term ‘‘ kali,” for 
ash. Klaproth also proposed to confine the term natron to mineral aBcali, 
sodium carbonate. The English equivalent for natron is soda, and the 
French sonM. In the Middle Ages, the Italian word “ soda ” was applied 
to all alkalies, and particularly to an ash used in making glass ; and the 
French applied the term “ soude ” to the plant glasswort, the ashes of 
which were used in making glass and soap. The first letter of the word 
** kali ” is used by ail chemists as the symbol for potassimn, and the first 
two letters of the word natron ” for sodium. 

§ 2. Potassium and Sodium Hydroxides. 

Preparation.--Sodium and potassium hydroxides cannot be con- 
veniently made by calcining the corresponding carbonate and digesting 
the residue with water as in the case of calcium hydroxide, because the two 
alkali carbonates do not decompose so readily as calcium carbonate. The 
preparation of the oxidm of potassium and sodium is rather difficult and 
expensive. Hence, although the hydroxide can be made by the action 
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of water on these oxides, it is far more econoxBical to employ other auetiiods 
of preparation. Two processes are used in the manufacture of these 
hycfroxides. , Let potassium hydroxide-he taken as a type for both : When 
calcium hydroxide is added to a boiling solution of potassium carbonate 
in an iron or silver or nickel vessel, ealomm carbonate is x>recipitated, and 
potassium hydroxide, KOH, remains in solution : Ca( 0 H )2 -b KoCOg = 
2I10H “b CaCOg. The clear solution is decanted from the precipitated 
calcium carbonate, and concentrated by heating it in iron pots. The 
electrolysis of an aqueous solution of potassium chloride furnishes chlorine 
gas and a solution of potassium hydroxide. The latter is concen- 
trated by evaporation. In Acker’s process {q.v,) fused chloride Is used in 
place of an aqueous solution. 

Theory of preparation — molecular, — The reaction between potassium 
carbonate and calcium li^’droxide has many points of interest. It is best 
studied in the light of the theory of equilibrium, so useful in the study of 
chemical reactions generally. The four salts in solution are in equili- 
brium, and according!}’', the reaction is represented : 

KoCOg + Ca(0H)2 v=^CaC02 + 2KOH 
An excess of solid calcium hydroxide is supposed to be present at the 
start so that as fast as calcium hydroxide is removed from the solution by 
reacting with the potassium carbonate more passes into solution. Thus 
the concentration of the calcium hydroxide in the solution is kept constant. 
The solubility of calcium carbonate is very small, and, in cojisequence, any 
calcium carbonate in excess of the solubility constant will be precipitated 
as fast as it is formed. The reaction proceeds steadily from left to right 
because, all the time, calcium hydroxide steadily passes into solution, 
and ealomm carbonate is steadily precipitated. But the solubility of 
calcium carbonate steadily increases with increasing concentrations of 
potassium hydroxide. There is a steady transformation of the potassium 
carbonate into potassium hydroxide in progress. The concentration of 
the potassium carbonate is steadily decreasing, while the concentration 
of the potassium hydroxide is steadily increasing. Consequently, wlien 
the potassium hydroxide has attained a certain concentration so much 
calcium carbonate will be present in the solution that the reaction will 
cease. Hence the concentration of the potassium carbonate should be such 
that it is all exhausted before the state of equilibrium is reached. If the 
concentration of the potassium hydroxide should exceed this critical value 
the reaction will be reversed, and calcium carbonate will be transfoimed 
into calcium hydroxide. 

Theory of preparation — ionic. — ^The explanation offered by the ionic 
theory runs someTvhat as follows : At the start, the solution contains the 
ions 

KgCOg ^ 2 K* + CO 3 " ; and CalOH)^ ^ Oa- -f 20 H' 

The solubility product [Ca-][COg'3 is vei^ small, and very much less 
than the solubility product [Ca**][OH 32 ;* consequently, since relatively 
large proportions of both the ions Ca*’ from the CalOH)^, and CO 3 '’'' from 
the KgCOg are present in the solution, calcium carbonate will be precipi- 
tated, and will continue being precipitate so long as the potassium car- 
bonate and calcium hydroxide can supply ions 00 / and Ca*' in excess of 
the solubility product of calcium carbonate. But the calcium hydroxide 
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funiislies the Ca’* ions, and tlie solubility of €a(OH )2 is determined, as we 
have seen, by the solubility product [Ca**3[OH']“. With the steady 
removal of 0 a‘* and CO 3 ''' ions, the concentration of the K* and the OH^ 
ions must be continually increasing; By-and-by the concentration of the 
OH' ions becomes relatively large ; this, in virtue of the common ion OH ', 
reduces the concentration of the Ca** ions required to maintain the solu- 
bility product of calcium hydroxide up to its own constant value. Finally, 
when the concentration of the OH' ions is so great that the concentration 
of the Ca** ions from the calcium hydroxide is no greater than the con- 
centration of the Ca*" ions required to maintain the solubility product of 
the calcium carbonate at its ovm characteristic value, the reaction will 
stop. Hence the concentration of the potassium carbonate in the solution 
should be so adjusted that this salt is exhausted before the reaction 
stops. " 

Properties. — Both hydroxides are white crystalline compounds which 
rapidly absorb moisture and carbon dioxide from the atmosphere. In 
aqueous solution, both hydroxides are corrosive bases. Both compounds 
dissolve in water vlth the evolution of much heat. Both hydroxides 
melt easily, and are frequently cast into sticks for convenience in 
use. Potassium hydroxide becomes anhydrous at 400°, it does not 
appreciabty dissociate although it vaporizes slightly at 600°. Gold is 
attacked, but not chemically, by the fused hydi’oxide ; nickel forms nickel 
hydroxide. The latter action is so slow that nickel crucibles and dishes 
are employed for the evaporation or fusion of caustic ahtabes. Gold, 
silver, and iron vessels are also used. When a small proportion of alkali 
hydroxide is added to solutions of various metal sulphates, a basic sulphate 
is usually precipitated, except in the case of magnesium and manganese 
sulphates. With an excess of the alkali-lye, the product is usually a 
hydroxide, hut not alw^ays — e.gr. copper and nickel may form a series of 
basic sulphates. Large quantities of sodium hydroxide — also called 
miiMic soda — are used in bleaching, dyeing, and in refining of oils, in the 
manufacture of hard soap, and of paper. Potassium hydroxide — ^also 
called caustic potash — ^is also used for making soft soap. 

§ 3. BIack*s Investigation on the Carbonates of the Alkalies and 
Alkaline Earths. 

Black’s experiments are so solid and convincing that it seems to me impossible 
to form any objection against them. — C. W, Bcheele. 

J, Black’s ‘‘experiments upon magnesia alba, quicklime, and other 
alcaline substances,’* published in 1755, first made clear the relations 
between caustic alkali and mild alkali ; ^ that is, between the alkali 
oxides and alkali carbonates. These relations were not understood by 
the early chemists. They believed the “ mild alkalies ” and “ mild earths ’’ 
to be elementary substances ; that the causticity of lime was due to the 
union of “ hre-matter ” (phlogiston) with the element chalk ; and the 
conversion of mild alkali into caustic alkali with the simultaneous regenera- 
tion of chalk by boiling the former vnih. caustic lime, was due simply to 

^ The term “mild alkalies^* was formerly applied to what are now called 
** alJtodi cwfooaates.’* 
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the transfer of the '' iire-matter ” from the lime to the mild alkali. Other- 
'wise expressed' 

Quicklime == Chalk 4- Fire-matter. 

Black proved this hypothesis to be untenable, 

Black demonstrated experimentally that chalk after ignition neutralized 
the same quantity of acid as before ignition, but the calcined chalk dissolves 
in the acid without effervescence, whereas the original chalk lost a gas 
which he called “fixed air,” but which is now called “carbon dioxide.” 
The salts formed by the action of acids on calcined and uncaicined lime 
are identical in every respect, and the same amount of gas is expelled from 
chalk whether the chalk be calcined or digested in acids. Further, by 
weighing the chalk before and after calcination, Black found a loss, not 'a 
gain, in weight. Thus : 

Ordinary chalk 120 grains 

Quicklime . . , . . , . . 68 „ 

Loss in weight . . . ... 52 „ 

Hence, added Black, “we may safely conclude that the volatile matter 
lost during the calcination is mostly air, and hence calcined lime does not 
emit air or make an effervescence when mixed with acids.” Again, lime 
becomes caustic owing to the loss of fixed air. Consequently Black 
proved: 

Chalk = Quicklime -f ^ixed air. 

Hence, quicklime is simpler than chalk or limestone. 

On boiling the 68 grains of quicklime obtained in the experiment cited 
above, with pot-ashes, Black finally obtained 118 grains of a white powder 
“ similar in every trial ” to ordinary chalk. The 118 grains of chalk 
correspond with the 120 grains originally taken within the limits of experi- 
mental error. The resulting caustic pot-ashes no longer effervesced with 
acids, whereas the regenerated chalk did. Hence Black concluded that 
the pot-ashes were made caustic by the transfer of the gas contained in 
pot- ashes to the caustic lime. Somewhat similar results were obtained 
with magnesia and its carbonate as were obtained with lime and its 
carbonate. 

Black thus demonstrated the modern view of the changes which attend 
the transformation of a mild into a caustic alkali, and proved that these 
changes are similar to those which occur during the conversion of a mild 
earth into a quicklime. Black’s experiments also made clear the relations 
between the “ mild alkalies ” (alkali carbonates) ; “ caustic alkalies ” 
(alkali hydroxides) ; “ mild earths ” (carbonates of the alkaline earths) ; 
and the “ quicklimes ” (oxides of the alkaline earths). These interesting 
experiments by Black involved the use of the balance. Prior to this, 
chemistry had laboured only with the qualities of bodies ; Black recognized 
the importance of qua7itiiies, and this opened up a new era in science. 
Soon afterwards, T. Bergman emphasized the importance of the balance 
as “of singular service in investigating the properties of bodies and in 
directing those properties to their proper use. All effects are exactly 
proportioned to their causes ; therefore, unless their mutual relations be 
examined by accurate trials, theory must be lame and imperfect.” Black’s 
methods, later on, were extended by Lavoisier in his brilliant work on 
oxidation and combustion. 
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§ 4. Metallic Sodium aud Potassium, 

The key to a knowledge of Nature’s methods is in her analogies. — R. Otto- 

LEixGirr. 

When any apparently exceptional or new stxbstance is encountered, the 
chemist is g\ii<,led in his treatment of it by analogies which it seems to 
present with previously known substances. — W. S. Jevons 

Discoveries in science are very often made by following up hints received 
from analogies. The isolation of the metals potassium and sodium is a good 
illiistrafiom At the beginning of the 19th century, the so-called alkalies 
and alkaline earths — magnesia, lime, and potash — were considered to be 
elementary substances. Lavoisier proved that some things resembling 
the earths — e.g. tin oxide, iron rust, mercuric oxide— could be resolved 
into two substances, oxygen and a metal By analogy, Lavoisier inferred 
that the indilference of the earths for oxygen is due to their being already 
oxides, and he ventured to predict that the earths would soon cease to be 
counted among simple substances, and that it would be possible to resolve 
them into the corresponding metals and oxygen. It was reserved for H. Davy 
to realise this prophetic conjecture. After it had been shown that the 
electric current could resolve water and certain other salts into their ele- 
ments, H. Davy tried if the electric current would work in an analogous 
manner on caustic soda and caustic potash. As a result, Davy isolated 
the metal potassium on October 6, 1807, and sodium a few days afterwards. 
This discovery was soon followed by the isolation of barium, strontium, 
and calcium. By analogy, it was further inferred that all amorphous 
powders — alumina, magnesia, etc. — ^possessing similar properties, were 
metallic oxides. As a result, when a new earth is now discovered, chemists 
believe, by faith, that it is the oxide of a metal even in cases where the 
supposed metal has never been isolated. 

Davy exposed a piece of solid potassium hydroxide to the atmosphere 
for a few seconds so that a conducting film of moisture formed on the 
surface. The piece of potash w'as then placed on an insulated disc of 
platinum connected with the negative pole of a battery, and a platinum 
wire connected with the positive pole w^as brought in contact with the upper 
surface of the potash. JDavy adds : 

Under these circumstances a vivid action was observed to take place. The 
potash began to fuse at both its points of electrification. There w^as a violent 
elferveaoence at the upper surface ; at the lowvr, or negative surface, there was 
no liberation of elastic fluid ; but small globules having a high metallic lustre, 
and being precisely similar in visible character to quicksilver, appeared, some of 
which burnt with explosion and bright flame, as soon as they w^ere formed, and 
others remained, and were merely tarnished, and finally covered by a white 
film which formed on their surface. These globules, numerous experiments soon 
showed to be the substance I was in search of, and a peculiar infianhnable principle, 
the baais of potash. 

Soon after Davy’s discovery, J. 'L. Gay-Lussac and LJ J. Th4nard 
(1808) prepared the metal by heating metallic iron with potash at a white 
heat : 4KOH + « FegOi d- 4K. The potassium metal vaporized, 

and condensed in a copper receiver containing rock oil to prevent the 
oxidation of the metal. Later.-. if. Curaudau (1808) substituted 
oharooal in place of iron m r^uemg 'agent 5 md later still, , H. Y. Castner 


THE ALI^LI METALS 419 

(1888) used iron carbide— FeCg. Calcium carbide, CaCg, has also been used 
for the same purpose : 6K0H + 20a,G^ = 6K + 2CaO + 4CO + 3H . 
The element is also obtained by the action of carbon on potassium 
bonate at a high temperature : K2CO3 + 2C = 2K + SCO, but if the 
vapour of the potassium be not rapidly cooled, a black explosive compound 
with the carbon monoxide, CO, is said to be formed— potassium carbonyl, 
KaCCOla, or K.CO.CO.K. In modern works, where cheap electrical energy 
is available, modifications of Davy’s original process— electrolysis of fused 
sodium hydroxide— are used for preparing sodium industrially, e.g. H. Y. 
Castner’s electrolytic process (1890), Sodium chloride mixed with 
powdered lead, and heated red hot in a closed retort is said to give metallic 
sodium: 2NaCl -j- Pb 2Xa + PbCl2- By heating alkali chlorides with 
metallic calcium, in vacuo, csesium and rubidium, have been prepared, 
but lithium could not be so obtained because it forms an alloy with calcium! 

H. Y. Castner’s electrolytic process for sodium. — The sodium 
hydroxide, contained in an iron pot set in brickwork, is melted by means 
of a ring of gas 
jets placed under- 
neath ; and kept 
about 20° above 
the melting point 
(310°) of sodium 
hydroxide. The 
cathode, H, rises 
through the bottom 
of the ii*on pot, A, 

Fig. 147, and is 
maintained in posi- 
tion by a cake, 
of solid sodium 
hydroxide in the 
lower part of the 
pot. The anodes, 

F, several in num- 
ber, are suspended 
around the ca- 
thodes from above. 

A cylindrical vessel, J’kj. 147. — Castner’s Electrolytic Process for Sodium. 
NIJ, floats in the - 

fused alkali above the cathode, and the sodium and hydrogen liberated 
at the cathode collect under this cylinder. The hydrogen escapes through 
the cover, and the atmosphere of hydrogen in the cylinder protects the 
sodium from oxidation. A nickel wire cage, if, separates the anode, F, 
from the cathode, H. From time to time the sodium, J), is skimmed off 
by means of a perforated ladle which retains the liquid metal, but allows 
the molten hydroxide to flow back. The oxygen liberated at the anode 
escapes vid the vent P. Hydrogen is a by-product in Castner’s process, 
and if there be no commercial demand for this gas, its production repre- 
sents so much wasted energy. Attention has been previously directed to 
the preparation of sodium by the electrolysis of fused sodium chloride 
whereby sodium is produced at one electrode, and chlorine at the other ; 
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blit the production of sodium by the electrolysis of the fused chloride 
has not be.en very successful commercialiy. 

Properties.— Both sodium and potassium are silvery white lustrous 
metals which tarnish at once when exposed to the ah owing to the formation 
of a film of oxide. These metals are therefore usually preserved in well- 
stopped vessels, or in a liquid containing no oxygen, e.g. naphtha, or 
petroleum. In thin layers on glass, potassium appears bluish- violet ; 
sodium, yellowish- bro™. The vapour of potassium at a red heat appears 
to be violet, and sodium colourless in thin laprs, purple in thick layers. 
The metals are lighter than water, and at ordinary temperatures they are 
soft enough to be moulded between the lingers. vSodium melt>s at 97*6°, 
potassium at 62*4° ; sodium boils at 877°, potassium at 758°. Potassium 
is rather more chemically active than sodium. Both metals react with 
water to form hydroxides : 2K H- 2 H 2 O ~ 2K0H -j- H 2 . The heat of 
the reaction with potassium suffices to ignite the hydrogen ; with sodium, 
the hydrogen ignites if the water is warmed. The flame of hydrogen is 
coloiued by the vapours of the respective metals — potassium, iavender- 
blue ; sodium, daft’odil -yellow. Caesium begins to give ofl hydrogen in 
contact with ice at — 116° ; rubidium at ~ 108° ; potassium at — 105° ; 
and sodium at —98°. >Sodiuni and potassium dissolve in. liquid ammonia, 
giving blue solutions ; with potassium the solution is indigo- blue. Heated 
in an atmosphere of carbon dioxide, free carbon and a carbonate of the 
metal are formed. When heated in air, sodium and potassium burn, 
each metal forming a mixture of oxides. Perfectly dry air or oxygen has 
no appreciable eflect upon the dry metals. Potassium with carbon 
monoxide forms the explosive compound previously mentioned; with 
the halogens, the metals take fire, forming the corresponding halides. 
When heated at about 350° in hydrogen, white aciculur crystalline hydrides 
are formed — KH and NaH. The crystals of sodium hydride resemble 
those of the alkali halides, and have not the characteristics of-a metallic 
alloy. DistOled sodium gives off about tw’enty times its volume of occluded 
hydrogen when heated in vacuo, and the same gas is evolved when sodium 
is dissolved in mercury. 

Uses. — ^An alloy of potassium and sodium, liquid at ordinary tempera- 
tures, is used for some high-temperature thermometers above the boiling 
point of mercury. Sodium is used in the manufacture of sodium cyanide 
and sodium peroxide, in drying oils, and in the manufacture of organic 
compounds. 

Atomic and molecular weights. — ^The combining w^eight of sodium 
determined by the analysis of sodium salts — sodium chloride, etc. — lies 
between 23*00 and 23*17 ; the best representative value is probably 23. 
The atomic weight by Dulong and Petit’s method of approximation (6*4 -f- 
speciflo heat == atomic^ weight) is 6*4 4- 0*283 = 22*6. Consequently, 23 
is taken to be the atomic w*eight of sodium. The vapour density of sodium 
is 25*7, which corresponds wdth a one-atom molecule. Similarly, analyses 
of potassium chloride and other potassium salts show that the combining 
weight of potassium lies betw*een 38*67 and 39*33 ; the best representative 
value is supposed to be 39*10 ; and, the specific heat being 0*166, Dulong 
and Petit’s method of approximation furnishes 6*4 -f- 0*166 = 38*56, corre- 
sponding with the atomic weight 39*10. The vapour density 42*34 at 
1040° corresponds with a one-atom molecule. Preezmg-point determina- 
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tions of solutions of the metals in mercury show that these elements have a 
one-atom molecule when dissolved in mercury. The vapour densities of 
potassium and sodium chlorides at 2000® show that here again the atomic 
weights of potassium and sodium are probably 39 TO and 23 respectively. 

Occurrence. — Potassium and sodium only occur in nature combined 
with other elements, but the compounds are widely distributed, being 
present in many silicate rocks, etc. Potassium occurs as sylvine, carnai- 
lite, kainite, etc., in the Stassfurt deposits (q.v,). Sodium is present in 
sea- water, etc., and it occurs as rock salt (g'.v.) and as Chili saltpetre (g.i*.). 

§ 5. Potassium and Sodium Monoxides and Peroxides. 

Sodium and potassium monoxides — NagO and KgO. — The monoxides 
of the alkali metals are made by heating the metals in a limited supply of 
dry air at a temperature below 180®, and removing the excess of metal 
by distillation in vacuo. The monoxides so obtained are not pure, being 
probably a mixture of monoxide, say ISTagO, and peroxide, NagOg* The 
monoxides have also been made by heating the metal with the correspond- 
ing nitrates : 2]S[a]Sf03 -h lONa = ONagO -f* Ng. The two oxides combine 
with water to form the hydroxides with the evolution of a considerable 
amount of heat. Lithium oxide, however, does not evolve so much heat. 

Sodium peroxide, NagOg. — This oxide is formed when sodium is burnt 
in a stream of oxygen, or when the metal is heated in aluminium trays in 
iron tubes at about 300°. The product contains about 95 per cent, of 
sodium peroxide. Pure sodium peroxide is white, but the commercial 
product is usually tinged yellow. The peroxide is stable in dry air at 
ordinary temperatures ; and in moist air, or in the presence of water, it 
is decomposed with the evolution of oxygen and the formation of sodium 
hydroxide : 2IS[a202 + 2H2O = 4]SfaOH + Og ; but if the temperature 
be kept low, hydrogen peroxide is formed ; NagOg + 2H2O == 2NaOH 
4- HgOg. A hydrate, NagOg.SHgO, has been prepared. Sodium peroxide 
is a powerful oxidizing agent, and it is used in the laboratory for oxidizing 
purposes and also for decomposing silicate rocks prior to analysis. Sodium 
peroxide is also used in straw bleacliing, etc. The heats evolved when 
potassium and sodium monoxides are converted into the corresponding 
peroxides are respectively 22 Cals, and 10 Cals. 

Potassium tetroxide, K2O4, — ^This oxide is formed as a chrome-yellow 
powder when metallic potassium is melted in an atmosphere of nitrogen, 
and the nitrogen is gradually displaced by air or oxygen. All traces of 
moisture must be avoided. It is also formed when potassium is heated 
in nitrous oxide, NgO, If the temperature be suitably regulated, KgOg 
is said to be formed, but there is some doubt about this. When treated 
with water, potassium tetroxide forms potassium hydroxide, hydrogen 
peroxide, and oxygen ; when heated with carbon monoxide, potassium 
carbonate and oxygen are formed : KgO 4 -f CO = KgCOg -f Og. A. von 
Bayer and V. Villiger consider that potassium and rubidium tetroxides are 
salts of what they called ozonic acid, HgOi, or 



On heating the tetroxide to 480® in yaouo, E. de Eorcrand obtained what 
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lie considered to be potassium trioxide, K^Og, which gave potassium, 
sulphate, lirdrogen dioxide? and oxygen when dissoh^ed in dilute sulphuric 
acid. The heat of formation of sodium trioxide is about 126 Cals., 
a number nearly the same as that for the corresponding potassium com- 

■^■pound.: . ■ 

§ 6. Spectrum Analysis. 

If there ever was a flank movement of Nature by which she has been corn- 
l^eiled to surrender a part of her secrets, it was the discovery of the spectro- 
scope, which enables us to peer into the very heart of ’NTature.— -R. C 
K'3D?.IE. 

iSicar the beginning of the 17th century Kepler’s curiosity was roused 
by the play of colours which he observed when a beam of "sunlight was 


Fro. 148,‘-^Ne'wton*s Experiment. 

through a glass prism, and nearly half a century later, Isaac Newton 
(1666) prov^ experimentally that a beam of sunlight is composed of light 
rays of various colours perfectly blended and ranging from red throurii 
oran^ge, yellow, green, and blue to violet. This Newton did by passing 
the beam of sunlight through a glass prism, and projecting the beam on 
t-o a sciwn, Eig. 148, The violet, green, and blue rays ai'e. bent more in 
passmg tlirough the prism than the yellow, orange, and red rays. The 
beam of light after passing tlirough the prism thus appears on the screen 
m an unbroken band of colours, which is called a continuous spectrum. 
Any beam of white light can be used in place of sunlight for instance, 
the light from an mcandescent ,, solid such as the limelight, Welsbach’s 
mantle, meandescent carbon, etc. Newton admitted the light tlirom^h 
a circular aperture. W. H. Wollaston (1802) admitted the light through 
a narrow slit and noticed that the beam of sunlight really furnished a 
spectrum which is crossed by a large number of dark lines— some sharp 
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and well deJfined, others more or less faint and nebulous. J. von Fraun- 
hofer (1814-15) happened to look at Wollaston’s spectrum through a small 
telescope and discovered hundreds of these lines. He carefully mapped 
the relative positions of a number of these dark lines, and accordingly they 
are now generally called Fraunhofer’s lines. It was soon found that incan- 
descent vapours and gases furnish a discontinuous or line spectrum, that 
is, a spectrum composed of a few bright lines instead of a continuous 
band. The line spectra of some elements are comparatively simple, for 
they display but a few clear distinct coloured lines — e.g. sodium a yellow 
line ; thallium a green line ; indium a blue and an indigo- blue line. 'Other 
elements have complex spectra containing numerous lines of varying 
intensity—e.gr, barium, strontium, iron. The spectra of some elements, 
though complex, are easily recognized by the prominence and position of 
certain lines — e.g, the dark red line of rubidium, the blue line of cisesium, 
etc. Brewster, and later Herscheil, found that when a coloured glass is 
placed between the source of light and the slit, the spectrum disappeared, 
ail except the light having the same colour as the glass. Brewster felt 
that the cause of the quenching of the lines in the solar spectrum must be 
absorption ; but he could get no further. The human mind, as E. Larkin 
expressed it, was now groping in darkness in the presence of one of 
the chief mysteries of nature. The cause of the dark lines in the solar 
spectrum was quite inexplicable. Fraunhofer died without knowing then 
cause. Let us therefore follow the path of the physicists, who, with 
consummate skill, discovered the mystery behind the dark lines in the solar 
spectrum. 

It was provisionally assumed that “ Fraunhofer’s lines are due to the 
lack of certain shades of colour in the spectrum of sunlight. ” This plausible 
hypothesis was tested by L. Foucault in 1849. He arranged an experiment 
in which a ray of sunlight was directed by means of lenses on to the glowing 
gases between the poles of an arc light which alone gave a spectrum with 
two yellow lines verj^ prominent. The mixed light was passed through a 
prism. Foucault expected the lacuna in the solar spectrum corresponding 
with the yellow lines of the glowing gases in the arc light would be filled 
by the latter ; and that the yellow portion of the solar spectrum would be 
continuous. To his astonishment, the reversed or dark lines of the solar 
spectrum corresponding with the bright yellow^ lines w^ere more pronoxmeed 
than before. Bence the preliminary hypothesis cannot be true. 

Foucault then suggested the hypothesis that “ the incandescent gases 
in the arc light have the power of absorbing the yellow^ from sunlight, as 
well as of emitting yellow' light. The increase in the darkness of these 
lines is due to this absorbing power being greater than the emissive power.’* 
Foucault focussed the light from an incandescent carbon — which by itself 
gives a continuous spectrum — on to the incandescent gases between the 
carbon poles. Instead of getting the continuous speetTum of the incan- 
descent carbon w^’th yellow lines enhanced, by the spectrum of the gases 
between the carbon poles, Foucault obtained a spectrum with the dark 
lines in the yellow' portion. This experiment sux^ported his hj^othesis. 
The same kind of light which a gas gives mt when likated will he arrested if 
the attempt he made to pass the light through the gas. Had Foucault known 
that the yellow lines were due to sodium he would have recognized the 
origin of Fraunhofer’s lines. This interpretation was 'made by 
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lSo2, In 1859 E. Bnnsen and G. Kirclihoff definitely settled the question. 
**TMs discovery/* saidB. Larkin, ‘^is equal in importance to that of the 
law of gi’avitation, for the one ‘ weighed * the universe, and the other tells 
us of what it is made.” The subsequent history of spectrum analysis is but 
an illustration of the fact that once the right explanation of a phenomenon 
is found the facts seem to arrange themselves about the theory as naturally 
as the particles of a salt in a solution aggregate about the enlarging nucleus 
■: of '.a crystal ■ ■ ■ ■ ■ ■ ■ 

Bunsen and Kirchoff subsequently proved that, under similar con- 
ditions of temperature and pressure, every element produces its own 
characteristic spectrum ; and reciprocally, the presence of the vapour 
of an element can be inferred with certainty when the characteristic 
lines are present. The spectrum of an element is so definite and cha- 
racteristic that it has been proposed to use this as part of the definition 
of an element. For instance, A. de Gramont proposed that no new sub- 
stance be recognized as an element until its spark spectrum has been 
measured and shown to be different from that of every other known 
form of matter. The spectrum of the incandescent vapour of a mixture of 
elements contains all the lines characteristic of each element in the mixture, 
and consequently it is possible to recognize each and all of them by measur- 
ing the position of the bright lines and comparing the lines with those of 
known elements. This method of detecting elements is called spectrum 
analysis. Bunsen and Kirchofi w’-ere able to prove that the dark Fraun- 
hofer's lines are due to the rays of light from an incandescent solid passing 
through vapoui’s of various elements. For the characteristic bright 
lines of, say, sodium are changed into dark' lines \¥hen the white light from 
an incandescent solid is allowed to pass through the vapour of this element. 
Hence, since the bright lines of the spectrum of a vapour are changed into 
dark lines, and the dark parts are changed into bright parts by the con- 
tinuous spectrum of white light, it seems as if the whole spectrum is 
rer'ersed with resj>ect to its iliumination. It is accordingly called the 
phenomenon of the reversed spectrum. Hence, it was inferred that Fraun- 
hofer's lines are due to the rays of light from an incandescent sun passing 
through the sun’s atmosphex'e, and consequently the vapours of the ele- 
ments whose line spectra correspond with the dark lines of the solar 
spectrum must be present in the sun’s atmosphere, and 

The spectnmi catches tokens from his light 

Of elemental kinship with the earth. — Lane. 

By the aid of spectrum analysis, therefore, it has been possible to 
deduce the presence of a large number of known elements — some 34 — in 
the sun's atmosphere from the coincidence of the blight lines furnished 
by elements in the laboratory with the dark lines in the solar spectrum. 
The halogen elements, nitrogen, oxygen, gold, mercury, and a few other 
elements, have not been detected in the sun. The spectrum of an unknown 
element — ^helium. — was observed in the solar spectrum some thirty years 
before the corresponding element was discovered in the earth. The light 
from the fixed stars furnishes results similar to those obtained with sun- 
light. The lines of hydrogen, helium, carbon, magnesium, calcium, and 
iron have b^n detected in nebulse, and hydrogen and hydrocarbons have 
been recognized in comets. ** The spectral lines,” continued E. Larkin, 
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can thus be said to make up the alphabet of the universe, and spell out 
messages from our sun and other suns ; these can be read by an expert 
as well as the Morse dots and dashes of the telegraphic code/' 

The spectroscope .—Quite a large number of instruments have been 
devised for the examination of the spectra of different substances. The 
so-called direct vision spectroscopes have a slit at one end to admit the 
light under examination. The slit can be narrowed or widened by turning 
a suitable screw. The beam of light passes through a lens which keeps 
them parallel ; after passing from the slit through a prism, they are dhected 
to the eye-piece of a small telescope where the spectrum is examined. 

The spectra of solids and liquids, — Solids and liquids must be 
vaporized before their spectra can be examined. It is often sufficient to 
introduce salts of the elements into a non- 
luminous Bunsen’s flame by means of a 
clean platinum wire. The dame spectrum 
is then examined by means of the spectro- 
scope. This method is satisfactory provided 
there is plenty of material, and the salt 
volatilizes and dissociates in the flame. If 
the substance is not volatilized in the 
Bunsen’s flame, or if but a minute quantity 
of the substance is available, it is best to 
use a spark spectrum obtained in the 
following manner — due to Delachanel and 
Mermet : A test-tube, Pig. 149, has a plati- 
num terminal fused into the bottom to serve 
as one electrode j a cork in the mouth of 
the test-tube supports a glass tube pierced 
with a platinum wire to serve as the other 
electrode. The height of the solution in 
the test-tube is arranged so that a certain 
portion rises by capillarity and fills a een- ^ 

tral cavity in tke glass tube bolding the Specto^ STbe Spee't’nJS'lVbe 
lower electrode. When the cup is full, Liquids. Gases, 

every time a spark passes a very minute 

portion of the solution is vaporized, no material is lost, and the uniformity 
of the volatilization with each spark permits continuous observations. 

The spectra of gases. — The spectrum of a gas is obtained by sealing 
the gas in a tube, Pig. 150, while the gas is under a reduced pressure. 
Each end of the tube has a platinum wire sealed into it, and these wires 
are put in communication with an induction coil. When a series of sparks 
are passed through the gas, the gas becomes incandescent, particularly in 
the narrowed portion of the tube, and the characteristic spectrum for that 
particular gas is obtained. 

It might be added that the spectrum of a gas depends partly upon the 
temperature and partly on the pressure under which the gas is confined. 
jSTevr lines are added, and old lines are intensified — enhanced lines — ^when 
the temperature of a gas is raised — the lithium spectrum in the electric 
arc shows a blue line which is not visible in the spectrum obtained by 
heating with the gas-fiame. Sodium in a Bunsen’s flame, for instance, 
gives one well-defined yellow line which is really compounded of two yellow 
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lines ; but at liiglier temperatures, three other pairs of lines make their 
ap|)earance. The difference in the high and low temperature spectra is 
sometimes so marked that in the early days of spectroscopy, J. Pliieker 
and W. Hittorf (1865) wrote: There is a certain number of elementary 
substances which when di'fferently treated furnishes two kinds of spectra 
of quite different character, not having any line or band in common.” 
Wo know now tJiM the changes in the spectrim of an elermnt with variations 
of temjMratiire are thsmselves characteristic^ so that it is possible to dedtice 
the temperature from the carrespondmg spectrum of a hot body. In a general 
way, it may be said that the spectra of incandescent elements become more 
complex as" the temperature is raised. In the case of compound bodies, too, 
E. IMitscherlich showed that they may have a characteristic spectrum in 
wdiich the lines of the constituent elements can be detected provided the 
temperature is high enough to decompose the incandescent compound. 
At small pressures, spectra with broad bands are obtained. As the 
pressure is increased, new series of lines arise which existed only in germ 
at lower pressures ” ; the bands give way to lines, and finally a continuous 
band of light is obtained corresponding with the spectrum of an incan- 
descent solid. The cJmracter of the spectral lines thus depends upon the 
pressure and temperature binder which the gas or vapour is examined. Under 
great pressures, all incandescent solids, liquids, and gases emit a continuous 
spectrum. 

Absorption spectra. — Some substances absorb certain colours and 
transmit others. If coloured solutions are examined by the spectroscope 
illuminated by the light of an incandescent solid transmitted through 
the solution, a series of dark bands or lines called absorption spectra 
are obtained, in contrast with emission spectra just described where the 
light emitted by the hot body is examined. A number of solutions have 
very characteristic absorption spectra — e.g. blood, didymium chloride, 
copper sulphate, potassium chromate, potassium permanganate, potassium 
dichromate, etc. 

The delicacy of spectrum analysis. — ^The spectroscope is one of the 
most delicate means of detecting many substances, and it enables elements 
to be recognized with certainty when present in quantities far too small 
to produce an appreciable efiect upon the most sensitive reagents known. 
Thus 1 c.o. of air contains approximately 0*0001 c.c. of neon, and the neon 
in 0 . 0 . of ordinary air, that is, 0*00(K)05 c.c, of neon has been detected 
by means of the spectroscope. By means of the spectroscope also it is 
possible to detect the presence of 0*00006 milligram of strontium and of 
calcium; 0 *00001 milligram of lithium ,* and0*0000003 milligram of sodium. 
It is not likely that rubidium and caesium would have been discovered 
so soon had it not been for their striking spectra. Thallium, indium, and 
gallium were also discovered by the aid of the spectroscope. 

§ 7* Lithium, Rubidium, and Caesium. 

Lithium, Li — ^The three elements — lithium, rubidium, and esesium — 
are related to potassium and sodium. Lithium was discovered by A. 
Arfyedson, in 1817, while analyzing the mineral petalite. He found the 
sodium to be contaminated with an alkali which, unlike potassium, was 
not removed by treatment with tartaric acid, and, unlike sodium, formed 
a sparingly soluble carbonate. The name lithium is derived from the 
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Greek XWeos (litheos), stony, beeanse it was beiieYed, at the time of its 
discovery, that its presence was conined to the mineral kingdonu Lithium 
is Y/idely distributed in smal quantities. It occurs a number of 
minerals : lepidolite, or lithia mica, contains up to about 6 per cent, of 
lithia; fii^o(^umeric---Li20.Al203.4:Si02~-up to about 6 per cent.; ermt/y- 
gonite, Li(AlF)P04, has 7-10 per cent, of lithia, and peialite has up to 
about 3 per cent, of lithia — caMorite is & variety of petaiite. Lithium has 
been detected in sea- water and in most spring and river waters. W. A. 
Miller (1864) has reported 0*37 gram per litre in the water of a mine at 
Redi'iitii (Gornwaii). Lithium has also been detected in the ash of many 
plants — tobacco, sugar cane, etc. ; in the ash of milk,, blood, etc. ; and 
also in a number of meteorites. 

To extract lithium, the powdered mineral is calcined with a mixture 
of ammonium chloride and calcium carbonate. Tlie aqueous extract is 
treated with hydrochloric acid and evaporated to diyness. The lithium 
chloride is extracted with amyl alcohol or pyridine in winch the lithium 
chloride is fairly soluble. The solvent is then removed by evaporation ; 
lithium chloride remains. R. Bunsen and A. Mattiiiessen prepared 
relatively large quantities of metallic lithium, in 1855, by the electrolysis 
of the fused cMoride ; many others appear to have obtained the metal 
before 1855, but in quantities too small for examination. 

When the solution of the chloride is treated with ammonium carbonate, 
lithium carbonate, LigCOs, is precipitated. Lithium carbonate, unlike 
the other alkaline carbonates, is decomposed at a high temperature, and in 
this respect resembles the carbonates of the alkaline earths. The metal 
is made by the electrolysis of the fused chloride. The metal resembles 
sodium and potassium. It . decomposes water, but the hydrogen does not 
ignite even if the water be boiling. 'When heated in oxygen, the metal 
forms lithium monoxide, or lithia, LigO, but it does not readily form a 
higher oxide. The monoxide can be prepared by the dissociation of the 
carbonate at 780^-800° in a current of dry hyc&ogen ; and also by the 
dehydration of the hydroxide under similar conditions. Lithium metal 
unites rapidly with hydrogen at a red heat, forming lithium hydride, XaH ; 
with nitrogen it forms lithium nitride, LiNg. Lithium carbonate and 
lithium phosphate, unlike the other alkaline carbonates and phosphates, 
are but sparingty soluble in w:ater. Lithium salts are sometimes used in 
the treatment of diseases due to uric acid poisoning. 

Caesium and rubidium. — R. Bunsen and G. Kirchhoff {I860), while 
investigating the mineral w-aters of Burkheim (Palatinate), evaporated 
down 40 tons of the water, and removed the alkaline earths, and lithia 
with ammonium carbonate. The filtrate showed the spectral lines of 
sodium, potassium, and lithium, and besides these, two splendid blue 
lines near to the blue strontium line. Bunsen and Kirchhoff add : 

As no elementary body produces tw^o blue lines in this portion of the spectrum, 
we may consider the existence of this liithorto unknown alkaline element was 
thus placed beyond doubt. The facility with which a few thousandths of a 
milligram of this body may be recognked by the bright blue light of its incan- 
descent vapour, even when mixed with large quantities of more common alkalies, 
has induced us to prox^ose for it the name Cfesium (and the symbol Cs), derived 
from the Latin cmim^ used to designate the blue of the cleaa* sky. 

Again, on extracting the alkalies from lepidobte (Saxon^^) washi^ 
the precipitate obtainM by treating the solution of the alkalis with 
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liydrocMoropktmic acid with boiling water a number of times, the residue 
finally glTes two splendid violet lines ” between those due to strontium 
and to potassium, as well as a number of other lines in the red, yellow, 
and green portions of the spectrum. Bunsen and Kirchhofi say : 

None of tliese lines belong to any prertoiisly known body. Amongst them 
are two -which are particularly remarkable in lying beyond Fraunhofer’s line 
in the outermost portion of the red solar spectrum. Hence we propose for this 
new metal the name rubidium (and the symbol Hb), from the Latin rubidus^ 
which was used to express the darkest red colom. 

Compounds of the two elements are so like those of potassium that thej^ 
cannot be distinguished from that element by the ordinary tests. The 
only satisfactory' means of detecting the two elements is by spectrum 
anaiy’sis. Rubidium and caesium occur together in iepidolite, in carnallite, 
and in some porphyries. Lepidolite does not contain a quarter per cent, 
of rubidia, wdiile carnallite may contain up to 4 per cent, of rubidia. They 
also occur in many mineral w'aters, in sea- water, in the ashes of plants. 
The mineral jtollnx — csesiiim aluminosilicate — contains the equivalent of 
some 34 per cent, of csesia. Otherwise both elements occur in very small 
quantities, and somewhat wddely diffused in nature. If present in a 
mineral, both elements will be found with the alkalies after separating the 
other elements with ammonium carbonate, etc. The residue when treated 
with hydrochioroplatinic acid furnishes the chloroplatinates of the alkalies. 
The lithium and sodium salts can be removed by washing with alcohol. 
Potassium, rubidium, and caesium salts, unlike sodium and lithium salts, 
give white crystalline precipitates with perchloric or tartaric acid; 
gelatinous precipitates with hydrofiuosilicic acid ; and yellow precipitates 
with hydrochioroplatinic acid, and with sodium nitratocobaltate. The 
three remaining elements — ^potassium, rubidium, and caesium — can be 
separated by taking advantage of the difference in the solubilities of their 
alums (see ‘‘ Alums ”) : 100 c.c. of w^ater at 17° dissolve 0’62 gram of 
csesiumalum; 2'27 grams of rubidium alum ; and 13*5 grams of potassium 
alum. In passing, it may be mentioned that the same amount of w^ater 
dissolves 51 grams of sodium alum. The chlorostannates — ^Rb 2 SnCl 4 and 
CsgSnCle — are much less soluble in w^ater than the corresponding potassium 
salt, and hence rubidium and cesium can be separated from potassium by 
converting the salts into alums or chlorostannates. Caesium can be 
separated from rubidium by treatment with antimony trichloride. The 
caesium salt 2 C 8 CLSbCl 3 is precipitated, while the corresponding rubidium 
salt is soluble in water. 

In connection with cajsium, it is interesting to note that C. F. Plattner, in 
1S46, was not able to make his analysis of the mineral pollux (from Elba) add up 
to^ iOO per cent. He sought in vain for the missing element. In spite of adverse 
cnticLsm, Hattner insisted upon the general accuracy of his -w'ork ; and it demanded 
some confidence to publish the result. An imscrupulous man might have cooked 
his result, and a man imbued with less faith in his w’ork w’-ould have suppressed 
the result as absurd. Not so Plattner • he waited. After Bunsen and Kirchhoff 
had discovered csesium, F. Pisiani (1864) showed that Plattner had mistaken 
esesium (atomic weight 132*8) for potassium (atomic weight 39*1). By making 
the corresponding <K):nrection, Plattner’s analysis w^as found vindicated, for it was 
found to be quite satisfartory in the light of the facts knowm when the analysis was 
miuie. To make this quit© clear, suppose that 5 grams of a compound, supposed 
to be potassium chloride, are obtained. This mil be multiplied by 0*631 to gel 
the equivalent amount, 3*16 jgrams of ; but if the compound be CsCi, not 
K€lp then the weight must be multiplied by 0*836 to get the corresponding amonat* 


THE ALKALI METALS 




4*i8 grams of CsgO. The analysis woiild thns appear to be 4*1 S less 3 * 10 , that is 
1*02 grams too low if the 5 grafos of ciesium chloride were mistaken for potassium 
chloride. This is a remarkable tribute to the accuracy of Pkttner's analysis. 

Metallic rubidium is prepared by heating an intimate mixture of the 
carbonate with finely divided carbon; metaiiie ceesium is prepared by 
heating the hydroxide with magnesium, or by electrolyzing a fused mixture 
of caesium and barium cyanides. The barium cyanide is added to make 
the mixture more fusible. Better yields of both metals have been obtained 
by heating the chlorides with one-fourth their weight of calcium in 
exhausted tubes of hard glass. The metals, their oxides and their salts, 
are closely kin to the salts of potassium and sodium. The tendency of 
rubidium and osBsium to form polyhalides is characteristic. 

§ 8. The Relations between the Alkali Metals. 

The five elements, lithium, sodium, potassium, rubidium, and cesium, 
called the alkali metals, exhibit an interesting gradation in the properties 
of the elements and their compounds in accord with the increase in their 
atomic weights, from member to member, in passing from lithium to 
caesium. The metals are silvery white, soft enough to be cut with a knife, 
rapidly tarnish in air, and decompose water at ordinary temperatures. 
The lowest temperature at which the action of the difierent metals on water 
can be detected is —98° for sodium, —105° for potassium, —108° for 
rubidium, and —116° for caesium. The elements are all univalent, and 
manifest a remarkable affinity for oxygen ; caesium and rubidium ignite 
spontaneously if placed in dry oxygen at the room temperature. Sodium 
and lithium, though compatible with the other members of the family, have 
feebler affinities. The chemical activity of the alkali metals appears to 
increase steadily in passing from lithium to caesium. The gradation in the 
physical properties is illustrated in Table XXIII. 


Table XXIII. — Physical Pbopeeties op the Alkali Metals. 



Lithium. 

Sodium. 

Potassium. 

Rubidium. 

Caesium. 

Atomic weight . 

6-94 

33-0 

39-10 

85*45 

132*81 

Specific gravity . 

0-59 

0*9723 

0*859 

1*535 

1*903 

Atomic volume . 

11*7 

33*5 

44*4 

55-8 

71*0 

Melting point 

180-1® 

07-6® 

62*4® 

38*5® 

25-0® 

Boiling point 

+ 1400® 

Sir 

758® 

696® 

670® 

Specific heat at 0® . 

0*941 

0-3811 

0*1728 

0-0802 

0-0522 

Coefficient expansion 

— 

0-000274 

0-000282 

0-000338 

0-000345 

Heat of fusion (cals.) 
Increased volume on 

— 

27*31 

14*67 

6-144 

3-766 

! 

fusion (per cent.) . 
Heat of conversion 

l*5i 

3*03 

3*44 

— 


RgO to R 3 O 2 (Cals.) , 
Lowest temp, of re- 

7*91 

19*03 

23*0 

34-1 

36-0 

action with water . : 

— 

-98® . 

-105® 

-108° ! 

-116® 


The elements have a remarkably low specific gravity, and a high atomic 
volume (g.v.). The oxides and hydroxides are markedly basic ; they do 
not exhibit acidic qualities. The physical properties of the salts— solu- 
bility in water, molecular volume, optical properties, and the variation in 

' ■ P 
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the form of the crystals show the same order of yariation as -the atomic 
weights of the elements. Lithium differs in many respects from the other 
members of the family. The salts of the allmli metals— nitrates, chlorides, 
sulphides, sulphates, phosphates, carbonates, etc. — are nearly ail soluble 
in ivater, although lithium, carbonate, phosphate, and fluoride are very 
much less soluble than the con^esponding salts of the other members. And 
in tills respect, lithium resembles the members of the calcium family, and 
it tiius forms a connecting or bridge element between the alkalies and 
alkaline earths. The alkali sulphates form isomoriilioiis characteristic 
aJiims (q,v.), but litliium alum a|)pears to be so soluble that it has not yet 
been crystallized. The modes of crystaffization of sodium and potassium 
sulphates and carbonates are -worth noting. Lithium carbonate is sparingly 
soluble in water, sodium carbonate is not deliquescent, the others are. The 
salts of sodium and lithium form stable hydrates with -v^-ater, -sTiiereas 
potassium, rubidium, and egesium salts are nearly all anliydroiis. Bodiiim 
resembles lithium in the solubility of its chioroplatinate, acid tartrate, and 
alum so much so that the alkali metals are sometimes diyided into 
classes : (1) those -^vith sparingly soluble chloroplatinates — viz. potassium, 
rubidium, and caesium ; and (2) those with soluble chloroplatinates — viz. 
sodium and lithium. 

§ 9. Atomic Volume. 

A cmmection frequently exists between physical and chemical properties, and 
in many cases recourse must be had to both for an explanation of a pheno» 
menon to which they may each contribute. — C. L, Berthollet (1803). 

The quotient obtained by dividing the atomic weight of an element 
by its speciffc gravity in the solid condition is called the atomic volume 



Tig. 10L— Relation between Atomic Volumes and Atomic Weights. 

of the element. Consequently, the atomic volume represents the 
number of cubic centimetres occupied by an amount of the element 
equal to its atomic weight expressed in grams. The magnitude of the 
atomic -volume Jjhus corresponds with the looseness of texture or porosity, 
so to speak, of the solid element. Curiously enough, w^hen the atomic 
volumes of the elements are plotted with the atomic weights, a periodic 
curve showing a number of maximum and minimum points is obtained, 
as illustrated in Fig, 151. The atomic volume, for instance, decreases in 
passing from lithium to boron, after which it increases through carbon. 
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oxygen, and fluorine to sodium, when it again decreases through magnesium 
down to aluinmium, .and, thence increases to potassium* Thus the curve 
passes downtapd up time' and again. A 'similar curve was obtained in 
Fig. 114. for the heats of formation of the chlorides. Certain portions of 
the curve are incoinpiete owing to the lack of data. 

The elements boron, aluminium, cobalt and nickel, rhodium, etc., 
occupy the troughs of the curve, while the alkali metals occupy the crests 
of the curve, thus corresponding with the fact that these elements have the 
largest atomic volumes, or the largest spaces between the atoms. Pre- 
sumably, the spaces between the atoms of these solid elements are relatively 
large compared with the size of the atoms themselves. This is often taken 
to mean that the constituent particles of these elements approximate iiiore 
nearly to the condition of the particles of a gas than other elements with 
small atomic volumes. According to D. 1. Mendeleeff, the chemical 
activity of the alkali metals is due to this circumstance ; and this assump- 
tion is in agreement with the observed increase in the chemical activity of 
these elements in passing from lithium to caesium. 

The atoms of a solid probably do not touch one another, and the 
volume of a solid thus includes (1) the size of the atoms as well as (2) the 
spaces between the atoms of the molecule, and (3) the spaces betw^een the 
molecules. It is not at present possible to distinguish clearly betw'een the 
effects of these factors. 

Questions. 

L What is meant by a normal solution of an acid ? How many c.c. of a 
normal solution of hydrochloric acid would be required to neutralize 1*5 grammes 
of potassium hydroxide ? — Aberdeen Univ. 

2. Define the following terms : (1) Equivalent of an element, (2) equivalent 
of a compound, (3) gram-atom, (4) gram-molecule, (d) normal solution. — Frinceton 
University t U,Sul, 

3. What is meant by the atomic volume of a substance ? How is it deter- 
mined ? — Scieyice and Art Dept, 

4. From what minerals are the salts of potassium prepared and where do they 
occur ? How is potassium nitrate prepared from potassium chloride ? How 
would you show the presence of potassium in a mixture of calcium, sodium, and 
potassium chlorides ? — Aberdeen Univ, 

5. Describe two or three cases of chemical change in which the mfiuence of 
“ mass ” is evident as a factor in the operation. — London Univ, 

6. Give an account of the chief forms in which calcium carbonate is found- 
Ten grams of quicklime are slaked, mixed to a paste with watfu*, and added to an 
excess of sodium carbonate ; how much caustic soda is formed (Ca = 40 ; K'a =*: 
23) ? — Owens Coll. 

7. What is a spectrum ? Describe the appearance of any spectrum which 
you have seen, — London Univ, 

8. JSTame two compounds containing lithium and describe the preparation of 
lithium chloride from one of them. In what respects do lithium oompoimds resemble 
or differ from corresponding derivatives of other alkali metals ? — Board of LJduc. 

9. From yoxir knowledge of the characteristics of opposing reactions what 
would you expect to happen when an aqueous solution of barium hydroxide is 
mixed with, an aqueous solution of a potassium salt ? — Aberdeen Univ. 

10. Give an account of the chief forms in which calcium carbonate is found. 
Ten grams of quicklime are slaked, mixed to a paste with water, and added to an 
excess of sodium carbonate. How much caustic soda is formed ? — Owem Coll 

11. How is potassium cldoride converted into {a) caustic potash, (fe) potassium 
chlorate t Starting from cemiaUite, the double chloride of magnesium and potassium, 
show briefly howthe metals magnesium and potaesiumcan be prepared. — Owens Call. 

12. What is meant by (a) spark spectrum,. (2?) absorption spectrum, (c) reversed 

lines ? How would yon distinguish between the spectra of the metals of the 
allmito earths /V”-:; ■ .-v'-'" 



CHAPTER XX 

Electrical Energy 

§ 1 . Electrochemical Series of the Elements 

An eIect.roehemieal series is obtained by arranging substances in accord with 
their eleetiieai properties, and this series is better than any other for giving 
a general idea of chemistry. — J. J. Beezelixis (1825). 

The metals precipitate one another after a certain order. — T, Bergman (1779) 

Xeae the beginning of the 4 th century Zosimus mentioned the fact 
that when iron is immersed in a solution of a copper salt, the iron acquires 
a coating of copj^er ; and miners have frequently noticed that their iron 
tools become coated with copper when brought in contact with the water 
percolating through certain mines. We now know' that such water may 
hold in solution copper sulphate from the oxidation of ores containing 
copper sulphide associated with iron sulphide, and w^e have also learned 
that when copper is deposited, an equivalent amount of iron passes into 
solution. Tlie reaction is represented in symbols, Fe -f OUSO4 — 
Cu *r FeS04. Curiously enough, even as late as the 16 th century 
Paracelsus attributed the phenomenon to the transmutation of iron into 
copper. The transmutation hypothesis certainly appeared a very plausible 
explanation of the facts. As T, Bergman emphasized near the middle of 
the 18 th century in his De prmcipitatis meiallicis : 

The man who first saw a metal corroded by a limpid menstruum in such a 
manner that a body so extremely ponderous and so opaque should gradually and 
entirely disappear, and afterwards, upon the addition of a suitable precipitant to a 
liquid xvhich appeared to be simple and homogeneous, saw the metal separate and 
again come into view, that man, I say, who first saw tiiis, must have been struck 
wnth astonishment and admiration. Persons accustomed to these wonderful 
phenomena neglect, nerhaps too much, the accmate investigation of them, though 
these operations are of the highest importance, and form as it were the whole of 
the effective part of chemistry. 

Metallic magnesium will displace hydrogen from, dilute acids : Mg 
4- HgS04 = MgS04 4 H3 ; or in the language of the ionic hypothesis : 
Mg 4 2 H* 4- BO/ = Mg- 4 * SO/ 4 - Hg. Magnesium will also precipi- 
tate zinc from a solution of a zinc salt : Mg 4- ZnS04 ™ MgS04 + Zn ; 
or in terms of the ionic hypothesis : Mg 4 Zn- 4 SO4'' = Mg- -f 804'^ 
4- Zn. Zinc in turn will precipitate iron from h*on salts ; iron will pre- 
cipitate copper from copper salts ; copper will precipitate silver from silver 
salts, etc. By treating the different metals in a similar manner, it has 
been found possible to arrange them in a series such that any metal in the 
list wil usually displace most of those which follow it, and be displaced by 
most of those which precede it, thus,: 

Mg A1 Mn Ze ^ €d *-«>: Fe Go •-> Ni Sn, •-> Bb Bi etc. 
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The order and behaviour of the metals vary 
a little with the nature and concentration of the 
solutions. Again, when zinc is treated with 
diMte acids under suitable conditions in a 
voltaic cell (Fig. 4), so as to eliminate dis- 
turbing effects, the reaction produces an elec- 
tric current at a certain voltage. If the zinc 
be replaced by some metals — aluminium, mag- 
nesium, etc. — ^the voltage of the cell is in- 
creased; and conversely, if the zinc be replaced 
by other metals — ^cadmium, iron, cobalt, etc.— 
the voltage of the cell is diminished. It is 
thus possible to arrange the elements in a 
series representing the potential difference in 
volts which is developed between the metals 
and solutions of their salts. 

The order here is virtually the same as the 
above list showing the order in which the 
elements displace one another from their salts. 
The list of the elements so arranged is called 
the electrochemical series. A more complete 
list is indicated in Table XXIV. 

The order may vary a little with different 
solutions, or at different temperatures. Thus, 
tin precipitates lead from its solution in acetic 
acid, and lead precipitates tin from its solution 
in nitric acid. Calcium iodide at about 740° 
is reduced by sodium, but over 800° sodium 
iodide is reduced by calcium. Secondary re- 
actions may prevent the precipitation of the 
metal. In many cases, the displacement is 
so complete that the reaction is employed in 
quantitative analysis. The further apart two 
metals in the series: (i) the greater the elec- 
tromotive force of the current generated when 
the two elements are used as plates in a 
voltaic cell ; (ii) the greater the amount of 
heat liberated when the displacement occurs, 
e.g. -when zinc precipitates silver more heat is 
evolved than when it precipitates tin ; (iii) 
similar remarks apply, mutatis mutandis, to 
the speed of precipitation ; (iv) the greater the 
amount of heat or electrical energy required 
for the decomposition of their compounds; 
(v) the greater their chemical affinity for one 
another; etc. 

A similar table would be obtained if the 
elements were arranged in the order of their 
chemical activity. Thus, (1) The earlier 
members on the list oxidize or rust on expo- 
suj’e to the air. (2) The oxides of the metals 


Table XXIV.— Electbo- 

CHEMICilL SeBIES OF 

THE Elements. 


. Cesium 

Rubidium 

Potassium ■ 

Sodium 

Lithium 

Eariuni 

Strontium 

Calcium 

Magnesium 

Aluminium 

Chromium 

Manganese 

Zinc 

Cadmium 

Iron 

Cobalt 

Nickel 

Tin 

Lead 

Hydrogen 

Antimony 

Bismuth 

Arsenic 

Copper 

Mercury 

Silver 

Palladium 

Platinum 

Gold 

Iridium 

Rhodium 

Osmium 

Silicon 

Carbon 

Boron 

Nitrogen 

Selenium 

Phosphorus 

Sulphur 

Iodine 

Bromine 

Chlorine 

Oxygen 

Fluorine 


,1 
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succeeding manganese are reduced to metals when heated in a stream 
of liytlrogeii, while the metals wMcli precede manganese under the same 
conditions, may be reduced to lower oxides, but not to the metallic 
condition. (3)" The oxides of the metals mercury to osmium may be 
decomposed into their elements by slmpl}’^ heating them to a compara- 
tively low temperature. (4) The metals preceding hydrogen on the list 
can give hydrogen when treated \vith acids, although secondary actions 
may simultaneously lead to the formation of some product other than 
hydrogen. The metals succeeding hydrogen do not usually displace 
Imirogen from the acids. (5) With the possible exception of tin and 
lead (metals close to hydrogen) the free elements are rarely, if ever, 
found ill nature excejiting possibly in meteorites. This arises from the 
fact that natural waters containing carbonic and other acids in solution 
attack these metals ; consequently, even if these elements were produced 
by subterranean agents—volcanic or otherwise — ^they must succumb to 
attack by natural waters. 

It wiU be noticed that the series only refers to the action of the free 
elements^ and it has no direct reference to the mutual action of chemical 
compounds of the elements upon one another. The order of the 
elements in the eieetro-chemical series depends to some extent upon 
the temperature as well as on the nature and concentration of the 
electroi^^te. For example, zinc and copper behave in what appears to be 
an abnormal manner in the presence of potassium cyanide. Thus copper 
and iron will precipitate zinc from potassium zinc cyanide, whereas zinc 
will precipitate copper from copper sulphate; and iron from neutral 
ferrous sulphate. Again, silver will displace hydrogen from aqueous 
hydriodic acid; copper will precipitate nickel from sodium nickel 
chloride; and platinum will liberate hydrogen from aqueous solutions 
of potassium cyanide. 

Electro-affinity. — ^Tlie idea has been expressed another way. It is 
assumed that the ions hold their charges with different degrees of tenacity. 
The ions — K\ Na% NO/, OF, etc. — which hold their charges very tena- 
ciously, are oaiied strong ions ; and ions— Hg**, Ag% OH', Cy', etc.— wiiieh 
readily lose their charge, are called weak ions. The degree of tenacity 
with which the ions of an. element hold their charges has been called the 
electro-affinity of the element. Ions with strong electro-affinity are 
difficult to prepare in a free state^ and conversely. If an element with a 
strong electro-affinity comes in contact with the ion of an element with a 
weak electro-affinity, the charge on the latter passes over to the former. 
Thus, zinc has a stronger electro-affinity than copper, and, in consequence, 
as indicated above, zinc \vill precipitate copper from solutions of its salts ; 
Zn "f Cu** = Zn" -f- Cu. Zinc ako has a stronger electro-affinity than 
hydrogen, and consequently zinc dissolves in dilute acids with the evolu- 
tion of hydrogen : Zn + 2H* Zn** -f- Hg. Similarly, chlorine has a 
stronger electro-affitnty than bromine, and bromine a stronger electro- 
affinity than iodine. In consequence, chlorine will displace bromine from 
aqueous solutions - of -the bromides Ci^ + -f 2 Br' ^ 5 = 2 ^ 2IC* -f 2Ci' 
i- ; and bromine will displace iodine from the iodides ; Bro 4- 2K* 
+ 2r^2K' + 2Br' + Ig. , ^ 
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§ 2. Solution .Pressure— Contact Diferences of Potential, 

Whenever there is free energy present, or whenever there is potential energy 
seeking to become free (as where chemical affinities can come into play) 
in the presence of differential molecular structures or conditions, there 
energy takes the form of electrical potential. — J. T, Sphague. 

Every metal, except, of course, the last in the series, will displace 
those that succeed it in the electrochemical series, and it is inferred as an 
hypothesis that each of these metals has a tendency to become ionic. This 
tendency is hypothetically regarded as a solution pressure which drives the 
ions of the metals into solution. This pressure must be greatest with the 
metals at the csesiuin end, and least with the metals at the osmium end of 
the series. Conversely, the tendency of positive metal ions in solution to 
reprecipitate on the negative electrode must be least at the caesium end 
of the series, and greatest at the osmium end. The ionic hypothesis 
assumes that this back or deposition pressure represents the osmotic 
pressure of the ions. 

The dissolution or ionization of a metal has been compared with 
the tendency of different liquids to vaporize at any given temperature. 
Just as a liquid in a closed vessel will evaporate until the number of 
molecules leaving the surface of the liquid in a given time is equal to 
the number of molecules returning to the liquid, so W, Nernst (1889) 
has suggested that a metal when placed in contact with water, or any 
other solvent, sends positively charged ions into the solvent, and itself 
acquires a negative charge. The ionization of the metal, so to speak, 
is supposed to continue until the concentration of the metallic ions 
in the liquid has attained a certain value, when a state of equilibrium 
ensues. The number of ions passing into the solution is then equal to 
the number rej)recipitated on the surface of the metal. Direct proof of 
the x^resence of iron ions in purified water which has been in contact with 
the highly purified iron is wanting. The evidence is indirect, or rather 
hypothetical. 

When zinc is immersed in dilute hydrochloric acid, the H* ions which 
come in contact with the zinc plate lose their charge, and positively charged 
zinc ions pass into solution. If a stick of metallic zinc be dipped in a 
saturated solution of zinc sulphate, the solution and osmotic pressures 
are balanced, and no action occurs ; but if a stick of metallic zinc be placed 
in a dilute, say normal, solution of zinc sulphate, the solution pressure 
is greater than the osmotic pressure, and positively charged zinc ions 
pass from the zinc rod into the solution. In consequence, the zinc acqtures 
a negative charge, and the solution a positive charge, in agreement with 
the fact that zinc usually acquires a negative charge when immersed in 
a solution of its own salt. Similar remarks apply to aluminium, iron, etc. 
Conversely, if the solution pressure be less than the osmotic pressure 
of the ions, as appears to be the case with a stick of metallic copper 
immersed in a solution of copper sulphate, copper ions will be deposited 
on the metal, and the solution will acquire a negative charge while the 
metal acquires a positive charge. This also appears to be the ease with 
the metals silver, mercury, etc. 
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Fic. 152* — DtwiieB^s Ceil 
(Diagrammatic). 


The electrical efifect, or the contact difference of potential, produced 
the different metals are immersed in a normal solution of their sul- 
phates has been measured. A few of the results are here indicated : 

'.Volts* 

Magnesium 4*l'2i4 

...Zinc :.* • • • ■*. . 

Cadmium -f--0‘141 

Hydrogen t) ^ 

Copper — 0*606 

Silver 

" -r 0*493 ” opposite zinc means that if metallic zinc be immersed 
in a normal solution of zinc sulphate, the solution will acquire a positive 
charge, and the metal a negative charge ; and the difference of potential 
between the solution and the metal will be 
0*493 volt. With metallic copper and a solu- 
tion of copper sulphate, the solution will be 
charged negatively, and the copper positively 
such that the difference of potential between 
the solution and the metal wiE be 0*606 
volt* 

If a normal solution of copper sulphate be 
separated by a porous partition, Fig. 162, 
from a normal solution of zinc sulphate, and 
if a rod of copper immersed in the copper 
sulphate be connected by a wire with a rod of 
zinc immersed in the zinc sulphate (Fig. 152), the zinc pole on the right 
of the diagram acquires a negative charge, ex hypothesis on account of the 
departure of positively charged ions from its surface, and the copper pole 
on the left acquires a positive charge on account of the departure of 
negatively charged copper ions from its surface. In consequence, an 
electrical current will flow through the connecting wire from the positively 
to the negatively charged pole and pass in the converse direction through 
the liquid. This action continues until ail the zinc is dissolved or ail the 
copper precipitated. The relative solution pressures of the two metals 
decide the magnitude of the resultant electromotive force of the current, 
and tliis is the difference of the two effects. The resultant electromotive 
force for the zinc : copper couple just described is + 0*493 — ( — 0*606) === 
0*493 “h 0*606 = 1*099 volts. The combination just described represents 
the so-called Danieirs cell (1836). In reality, the Daniell’s cell contains 
the zinc rod with the sulphuric acid or zinc sulphate solution in a porous 
pot, and the copper plate with, the copper sulphate solution in the sur- 
rounding jar, as illustrated by the drawing of an uncharged cell in Fig, 153. 
The reactions are symbolized molecularly : Zn -f HgSO^ = ZnS04 + ; 

and instead of the hydrogen atoms being liberated on the negative copper 
plate, they are exchanged for copper atoms in the cupric sulphate solu- 
tion : Hg-b CuSD^ = 82^04 -f Cu, and the copper is deposited on the 
outer copper plate. The round of changes results in the growth of the 
copper plate, and in the wearir^ away of the zinc plate ; zinc sulphate 
incre^es, copper sulphate decreases. Wlien a zinc sulphate solution is 
used iiistead of sulphuric acid, the copper is exchanged chemically for the 
zinc : Zn 4* GUSO4 Cu 4* Zi3^04*, ; There are many other modifications of 
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Daniell’s cell; and numerous other types of ceE \nth different “poles’' 

and diSerent solutions. ^ 

Th0 qiianUtu oie^^^ produced by DanieiFs cell depends 

upon tbe amount of zinc consumed {Faraday s law) j and tbe rule at 'wliicli 
electricity is de¥eloped (ampdres) depends upon the rate at wMcli tiie zinc 
is consumed in tlie ceH. 

The difference of potential^ 
or the electrical pressure, 
cannot exceed 1 '099 volts 
for tbe given solutions. The 
product of the number of 
coulombs into the number 
of volts gives the amount 
of electrical energy pro- 
duced in a given time. 

This product expresses the 
electrical energy in joules: 
joules — coulombs x volts. 

If the term ampere be em- 
ployed to represent a cur- 
rent equivalent to one coulomb per second, the product of the number of 
ampdres into the number of volts gives the amount of electrical energy 
produced by the cell. This product expresses the rate of production of 
electricity by the cell in watts. That is watts = amps. X volts. A joule 
of electrical energy per second represents one watt. 

Examples. — (1) The electrolysis of 36*5 grams of hydrochloric acid requires 
96,540 coulombs of electricity at T31 volts. Hence the electrical energy needed 
for this work is 96,640 X 1‘31 ?= 126,567 units, or, defining a joule as the unit of 
electrical energy consumed by a current of one coulomb working at a pressure of 
I volt; here, joules — volts X coulombs. Hence, the electric energy needed 
to decompose 36-5 grams of hydrochloric acid is 126,667 joules. Since "one watt 
is equivalent to a joule per second, the answer will be 126,567 watts (second). 

(2) A current of 100 volts and T 6 amps, passes through a system; find the 
energy consumed per second in kilowatts. Here 100 X 1’5 == 160 watts or 
0*15 kilowatts (second). 

(3) If 100 'watts be expended by a current of 6 amps., what is the pressure 
required to drive the current through the circuit ? Ansr. 20 volts. 

(4) How many grams of silver will be deposited from a suitable electrolyte by 
a current of 100 amps, running for one hour ? Ansr, 303*6 grams. 

Although the difference of potential of a given cell, say, a BanielFs 
cell, is not affected by variations in the size or shape of the poles, or upon 
the quantity of liquid in the cells, the difference of potential is altered by 
changing the concentration of the solutions. In general, the difference of 
potential between a metal and a solution of one of its salts is greater with 
increasing dilution. A tenth normal solution of zinc sulphate, for instance, 
was found to give a difference of potential of 0*551 volt, whereas with a 
normal solution a potential difference of 0*493 volt is obtained as indicated 
above. 

If two rods of zinc be separately pl^ed in a solution of zinc sulphate, 
the difference of potential in both “tends” to drive an electric current 
from the metal to the solution with a pressnre of 0*493 volt. If both rods 
be joined by a wire, no electric ctnrent wiE flow because the two equal 

■ 3 ? 2 
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Porous poi conlainsZnSO^ ap 
Copperplate 

Outer jar contains CuSO^ a^. 


Fig. 163.—DanielFs Cc4i. 
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forces are oppositely directed. On the other hand, if the zinc rods foe 
dipped in solutions of a different concentration, the two contact differences 
of potential will be different, and an electric current will flow from the 
concentrated solution to the dilute solution outside the cell as indicated 
in Fig. 154. Here a normal solution of zinc chloride is supposed to be 
placed in one vessel. A, and a decinormal solution of zinc chloride in the 
other vessel B. Zinc rods connected by a copper wire and galvanometer 
are dipped into the solutions, as illustrated in the diagram, and the two 
ceils are connected by a syphon tube 8. The difference of potential of 
the zinc in the normal solution is 4* 0*493, and in the more dilute solu- 
tion -f 0*551 volt. Hence an electric current tends to pass from the metal 
io the dilute solution wuth a force of + 0*561 volt, and from the metal to 
the concentrated solution with a force of 0*493. The resultant pressure 
is therefore 0*551 — 0*493 = 0*058 volt, and this represents the eiectro- 
nioti^'e force of the combination. Cells in w^hich the electromotive force 
is generated by the difference potential of tw*o plates immersed in solutions 


muu 


SoJuftm 


ZnCi 


Fig. 154 . — Concentration Cell. 


Fig. 155. — Experiment on 
Concentration Cells. 


of the same salt at different concentrations are called concentration cells. 
The chemical action which occurs in the two cells tends to bring the two 
solutions to the same concentration. The action is made clear by. the 
experiment illustrated in Fig. 155. A layer of a concentrated solution of 
stannous chloride in hydrochloric acid, about 10 cm. deep, is placed at the 
bottom of a cylinder, and above this a layer of a dilute solution* A rod of 
metallic tin is fixed through a hole in the cork so that it is suspended axially 
in the liquid in the cylinder. The rod of tin thus represents both electrodes 
and connecting wire of a concentration cell Tin is dissolved by the more 
dilute solution, and precipitated from the more concentrated solution. 
The diagram illustrates the appearance of the rod of tin after the vessel 
has stood a couple of days. Cadmium and cadmium chloride could be 
used ; zinc and zinc chloride do not work so well ; nickel gives a negative 
result, probably because the surface becomes polarized ; antimony?- and 
foistauth also ^ve a negative vmnl% probably because they are not attacked 
by dilute hydixKjMorio acid, 

There is another interesting, feature about a concentration cell. If an 
eleetromotive force be-apifei so as to force an electric current to 
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pas» in a reverse direction to tliat which the combination normal!}^ furnishes 
when it is employed as a voltaic cell, the chenhca] actions will be reversed, 
and the difference in the concentration of the two solutions will be 
augmented. Such combinations are called reversible cells in contradis- 
tinction to irreversible cells in which the original condition cannot be 
restored by sending a current through the cell in a reverse direction to 
the current normally delivered by the cell. The cell illustrated in Ei^. 4 
is an iiTeversible cell ; DanielFs cell, Fig. 153, and the concentration cell 
Fig. 154, are reversible cells. 

Couples. — If metallic zinc dissolving in, say, dilute sulphuric acid, be 
in contact wdth a piece of copper or platinum the rate of dissolution of 
the zinc is augmented. The combination Zn : Ft is called a cotiple ; it 
is really a small galvanic cell with zinc and, say, platinum electrodes 
connected together by metallic contact. Much of the hydrogen is 
evolved from the surface of the platinum as might be expected from 
the description of Fig. 4. 

Sacrificial metals. — We have seen that any metal in the electrochemical 
series can be made one plate of a cell against a metal lower down in the 
series. Zinc, for instance, can be made the positive plate against a nega- 
tive plate of iron, tin, lead, etc. ; and iron the positive plate against a 
negative plate of tin, lead, etc. The further apart the elements in the 
series, the greater the electromotive force of the combination. Tin- 
plate is iron or steel coated with a thin layer of tin. If a little moisture be 
precipitated on the surface in contact with both the iron and the tin, the 
moisture, vdth its dissolved carbonic acid, dissolves the iron^ producing 
salts of iron ; these ultimately form rust (gf.t\). The iron is covered 
with a layer of tin to protect it from rust, but if there be a ffaw in the 
protecting surface of tin so as to expose the underlying iron, rusting 
takes place more rapidly than if the iron had not been tinned at aU, The 
tin remains untarnished. Zinc is also used as a protecting layer over the 
surface of thin iron plates~^a?z’aw« 2 ed! iron. The voltaic action developed 
when the protecting layer is damaged is much less than when tin is used. 
These facts can be illustrated by fitting up a cell Hke Fig. 4 with iron 
and tin plates, and another cell with iron and zinc plates. Water saturated 
with carbon dioxide is used in both cells. ^ 

A feeble electric current will flow from the 
tin to the iron outside the cell in one case, 
and from, the iron to the zinc in the other ^ ^ 

as illustrated graphically in the adjoining 
diagram. In the iron ; tin cell, iron dis- ^ — ’ 

solves and rmting occurs *, while in the iron: zinc cell, the zinc dissolves 
and no rusting occurs as long as the circuit is closed. These results 
might almost have been predated from our study of Table XXIV., 
p. 433. An iron : lead cell behaves like an iron i tin cell. Iron 
railings are often fixed in a bed of lead, the iron corrodes first and 
the lead remains intact. H. Davy (1824) once proposed to prevent the 
con‘osion of the copper sheathing of ships by fixing pieces of metallic zinc 
here and there on the sheathing. The zinc was corroded and the copper 
preserved. ^ In all these oases it has been fancifully said that one metal 

^ The copper then ceased to poison the barnacles, and the bottom fotded as 
if the wood had not been sheeted with copper. 
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is sacrificed to ensure the safety of the other ; and all the cases quoted 
are examples of galvanic couples: Fe ; Sn; Zn * Fe; Fe ; Pb; and Zn * Cu. 

§ 3. The Ionic Hypothesis in Difficulties. 

The knowledge of nature as it is— not as we imagine it to be— constitutes 
tm© science. — Faeacei-sus.. 

There are some enthusiasts who claim that “ ail chemical reactions are 
reactions between ions ; molecules as such do not react at all.” This state- 
ment is not quite in harmony with known facts. The same might be said 
of the assumption that “ chemical activity is proportional to the number 
of available ions.” L. Kahlenberg (1902 seq,) has brought forward so 
large a number of exceptions to these statements that it will be necessary 
to modify the hypothesis very materially before it can be accepted as an 
accurate description of the facts. Some chemical reactions proceed very 
rapidly in solutions which are considered to be non-conductors of electricity, 
and which, ex Iii/pothesi, are almost free from ions. For instance, dry 
hydrogen chloride precipitates chlorides from benzene solutions of the 
oieates of copper, cobalt, and nickel ; dry hydrogen sulphide precipitates 
sulphides from benzene solutions of the same salts and of arsenic chloride. 
All this in spite of the fact that these solutions do not conduct electricity 
appreciably. Again, dry ammonia does not unite with dry hydrogen 
chloride, but union does take place if a trace of non-conducting benzene 
vapour be present. One metal can displace another from a non-conducting 
solution in a non-aqueous medium. Thus metallic lead, zinc, tin, silver, 
iron, etc., will precipitate metallie copper from solutions of various salts in 
carbon disulphide, carbon tetrachloride, ether, alcohol, etc. Hence, 
in spite of the ionic hypothesis, chemical reactions do take place in 
non-conducting solutions, and these reactions are similar in result and 
speed to those which occur in conducting aqueous solutions. The 
ionic hypothesis cannot, therefore, ignore these observations if it is 
to win a permanent place among the conquests of science. There are 
ominous signs that the ionic hypothesis will have to go. As O. B. Chwolson 
emphasized, there is as yet no solidly established theory of solutions 
which will take account of all the known phenomena, and on which reliance 
can foe placed with safety. 

§ 4. Polarization — Back Electromotive Force. 

The source of the chemical energy in a galvanic cell is certainly the chemical 
action, a correction being applied for any reversible heat which the cell 
absorbs from or gives up to Its surroundings. — W. C. D. Whetham. 

Just as an ordinary steam fooBer is a device for transforming the 
ehemicaJ energy of burning coal into mechanical energy, so can a voltaic 
cell be regard^ as a device for converting chemical energy into electrical 
energy. In one of the simplest cases, when the simple cell Zn : HaSO^ : Pt, 
of Fig. 4, Is working, hydrogen is evolved, mainly from the surface of the 
platinum. The chemical action is vigorous at first, but gradually 
diminishes in intensity, and finally nearly stops altogether. The curve, 
Fig. 154, shows the electromotive force of such a ceil working with a 
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resistance of about ten ohms in the external circuit after different intervals 
of time. The rapid drop from an initial electromotive force of 1*3 volts to 
about half a volt in five minutes is indicated by the rapid descent of the 
curve. After five minutes, the electromotive force remained fairly 
constant at about 0*4 volt, that is nearly 66 per cent, below the initial 
value. The effect is easily illustrated by connecting an electric bell with 
such a cell. The bell rings loudly at first, but gradually weakens, and 
finally stops. If the platinum plate be then removed, the surface will foe 


found covered with a layer of foufobies of hydrogen gas, which has remained 
on the surface of the plate instead of passing aw^ay. If the circuit is broken, 
the bubbles of gas gradually dissipate from the platinum plate, and the 
cell then resumes its former electromotive force when the circuit is closed. 
This temporary reduction in the electromotive force of a cell is said to be 
due to the polarization of the cell. Polarization may foe regarded as 
electro-chemical fatigue which causes a modifi- 
cation of one or footli of the plates, or by the 
exhaustion of the solution produced during the 
working of the cell. 

In consequence of this phenomenon, com- 
mercial cells have some provision for de- 
polarization, that is, for preventing the accu- 
mulation of gas on the negative plate. In 
Danieil's cell, the variation in the electro- 
motive force of the working ceH is chiefliy 
due to changes in the concentration of 
the solution surrounding the battery plates^ 
The electromotive force is therefore nearly 
constant. This is illustrated by the curve 
shown in Fig. 156, where a Daniell cell was allowed to work for half an 
hour against a resistance of 10 ohms in the external circuit. A com- 
parison of this curve with that of the Zn I H2SO4 i Pt cell emphasizes 
the constancy of the current delivered by the Daniell cell. 



Fig. 156. — ^Voltage Drop 
of Voltaic Cells. 


TV. Grove's cell has a porous pot like Daniell’s cell, but the pot. contains a 
platinum plate and nitric acid ; zinc and sulphuric acid are contained in the outer 
compartment. The hydrogen produced by the action of the sulphuric acid on 
the zinc instead of accumulating on the platinum plate is oxidized by the nitric 
acid and the latter is reduced— -say, Hg + 2H]Sr03 ~ + 2]Sr02‘ Owing to 

the high cost of platinum, J. T. Cooper proposed to replace it by carbon, and this 
combination is known as JS. Bunsen^ s celL In A , Smee^a cell) the platinum plat© is 
replaced by a silver plate covered \vith finely divided platinum. The idea is to 
make the hydrogen bubbles collect on the roughened surface from w'hich they 
escape more freely than from a plain surface. The voltage drop with this cell is 
large. In 0» Leclanche'*s cell a zinc rod and carbon plate are clamped between 
two blocks of compressed manganese dioxide and granulated carbon. This 
combination is dipped in a solution of ammonium chloride. When the circuit is 
closed, the ammonium chloride attacks the zinc : Zn -f 2NH4CI ZnClg 4 - 
2.^113 + Hg ; the hydrogen is burnt by the manganese dioxide : Hg -f 2MnOg — 
MngOg 4- HgO. The cell does not give a constant current except for a short time, 
but if left standing it rapidly recovers. Millions of these cells are used where a 
current is required only for a short time — electric bells, etc. There are numerous 
modihcations. In E* BunaerCa dichromate celk zinc and carbon plates dip in a 
solution of sulphuric acid mixed with chromic acid, or an alkali diehromate. * The 
zinc is attacked by the liquid when the cell is not in use so that there is an arrange- 
ment for lifting the plates out of the liquid when the cell is not in use. The object 
of the chromic acid is to burn the hy^p^n and prevent its accumulating on the 
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C4xrbon plate j the chromic acid is reduced to chromic oxide. The reaction at th© 
zinc plate is tlierefore Zn -f =» ZnS04 + Hg, and then SHo + 2Cr03 — 

OroOjj -f- 3H2O. The solution contains sulpliuric acid so that the chromic oxide 
lerms chromic sulphate. In L. darkens standard cell, the positive j^late of purified 
zinc is immersed in a saturated solution of zinc sulphate, and the negative plate 
is mercury in contact with mercurous chloride. The voltage is remarkably 
constant at about T 434 volts under standard conditions. There are many 
modifications ; in E, Weston^s cell, for instance, there is metallic cadmium and 
cadmium sulphate in place of zinc and zinc sulphate. 

Again, if a. current exceeding two volts be directed through an eiectro- 
lytio "cell {Pig. 6) containing dilute sulphuric acid, and fitted with two 
platinum plates and a galvanometer in circuit, bubbles of gas are dis- 
engaged at the two electrodes, oxygen at the anode, hydrogen at the 
cathode. The direction of the current is indicated by the deflection of 
the needle of the galvanometer, Kow let the battery be cut out of the 
circuit, and the electrodes be joined directly with the galvanometer. The 
deflection of the needle shows that* a feeble current passes in an opposite 
direction to that which occurred when the battery was in circuit. An 
examination of the plates of the polarized electrolytic cell shows that 
gaseous films are present. Obviously, therefore, after a current has passed 
through such a ceil for a short time, the plates — originally quite similar — 
are no longer alike. The plates are polarized with different gases. The 
gases adhere to the surface and penetrate the interior of the plates. The 
plates then behave as if they were made of two different materials. Contact 
differences of potential are established. We have in fact a voltaic cell, 
O 2 .* HgvSOi : H 2 , wMoh furnishes a current flowing in an opposite direction 
to the original current. The ceil acts as a kind of “ accumulator ” of 
electrical energy until the gases absorbed by the plates are used up. This 
does not take long. The polarization of the plates of an electrolytic cell 
thus makes them behave like two different metals wiiieh exert a hack 
dedro^notive force opposing the electromotive force of the battery. 

§ 5. Decomposition Voltages. 

In a mixture of electrolytes, those substances are set free w^hich absorb in 
becoming free the least intrinsic energy or lowest voltage. — J'. T. Spbaotte. 

Suppose a current of I volt be sent through the electrolytic cell, Fig, 6, 
containing normal sulphuric .acid and fitted with platinum plates in circuit 
with a galvanometer, The current passes through the cell for an instant as 
indicate by the throw ” of the galvanometer needle, and then the quick 
drop to nearly zero. The hydrogen and oxygen developed on the jflates 
sets up a back electromotive force of nearly volt w’^hicli very nearly stops 
the current, A minute steady current— residual current — does flow 
through the system, but this is only just sufiieient to maintain the 
pokrization, since if no current at all passes through, the plates would 
padualiy depolarize owing to the dissipation of the gases from the 
plates. 

If the current be now raised to 1 volt, a similar state of things prevails. 
The amount of oxygen and hydrogen adhering to the plates increases ; and 
the increased polarization raises the back electromotive force to very nearly 
one volt. The residual current passing tlirough the ceil is slightly larger 
than ■belom This Ib r^uii^: to" maintain the pokiizatioiit 
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If the current is now raised to- 1*7 volts, the electrodes become 
saturated with hydi-ogen and oxygen gases. , Polarijzation reaches a 
maximum value, and the back electromotive force also attains its 
maximum value. Hence any further in the applied eleetro- 

motive force is available for electrolysis, 1*7 volts are the minimum needed 
for steady electrolysis. If 2 volts are passed through the system, there 
is a back electromotive force of about 1-7 volts, and the “excess” or 
“residual” current, 0*3 volt, is the effective electromotive force avail- 
able for the production of current, and the steady evolution of gases 
from the electrodes. 

The facts here described can be exhibited veiy concisely by plotting 
the applied electromotive forces as ordinates and quantities of electricity 
passing through the system as abscissse. Eig. 157 
shows the results with normal solutions of sul- 
phuric acid, liydroehloric acids, and silver nitrate. 

The “ residual ” current flowing through the cell 
with normal sulphuric acid rises very slowly with 
increasing voltages until the driving force reaches 
1*67 volts. There is then a sudden change in the 
direction of the curve. Increasing electromotive 
forces now’ augment the quantity of electricity 
passing through the system, and also the amount 
of electrolysis. Normal hydrochloric acid gives a 
similar break at 1*31 volts ; and silver nitrate, one 
at 0*70 volt. 

The minimum electromotive force required to 
cause steady electrolysis in any solution is called the decomposition 
voltage or discharge potential. The decomposition voltages for a few 
acids, bases, and salts are shown in Table XXV. 
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Fig. 157. — Effect of an 
Increasing E.M.P. on 
some Electrolytes. 
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Table XXV.~Discharge Potentials op some ELECTEOLYTEe, 




Electrolytes. (Normal solutions.) 

Decomposition 
voltages. (Volts.) 

Salts : Zinc sulphate 


Nickel sulphate . . . 

2-09 

Lead nitrate 

1*52 

Silver nitrate . 

0*70 

Acids: Sulphuric acid , . . , . 

i P69 

Hydrochloric acid . , . 

1*31 

Nitric acid ........... 

1*09 

Phosphoric acid . . . , . . » 

1*70 

Bases : Sodium hydroxide ... , . , . . . 


Potassium hydroxide . . . * 

1*67 

Ammonium hydroxide . ,, .* , . * ... , ' 

i;74 







While the values for the metyiic salts vary from metal to metal, the 
acids and bases have a decomposition yol^e approaching 1*7 volts, and 
the products of the by#o^, • Yhose a#d$ 
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wMcIi bare a lower decomposition voltage usually give off other products 
on electrolysis, and attain the final value— 1*7 volts— on further dilution. 
Thus hydrogen and chlorine are evolved when the strength of the hydro- 
cMorio acid exceeds 2^^-1101, and the decomposition voltage of the 2A 
acid is 1-26 volts. The voltage steadily rises with increasing d^^^ 
until, with the decomposition voltage is 1*69, and hydrogen 

and ox^^gen are the products of electroysis. Not only do the numbers 
vary with concentration, within certain limits, as exemplified in the case 
of hydrochloric acid, but also with the nature of the electrodes. The 
decomposition voltage of normal sulphuric acid, for example, “with polished 
platinum electrodes is 1*67 volts, whereas with platinum electrodes covered 
with platinum black, the decomposition voltage is 1*07 volts. 

The contact potential between metallic zinc and a normal solution of 
a zinc salt, — 0*493 volt, shows that when a zinc ion is deposited on a zinc 
electrode it ooiivejss a positive charge to the electrode and so lessens the 
negative charge there present. The system is only in equilibrium when 
the zinc electrode is negatively charged to a potential of — 0*493 volt. 
If, therefore, zinc is to be deposited in an electrolytic ceil, this difference 
of potential must be counterbalanced by the current. Hence contact 
differences of potential may also be regarded as decomposition voltages. 

The discharge potentials of a few anions and cations are indicated in 
Table XXYI., which may be compared with Table XXV. The numbers 
refer to normal solutions. The prefix refers to the electrical state of the 
electrode in the presence of a normal solution of its ions, say, 32*5 grams 
of zinc per litre. Some of the numbers have not been measured directly. 
For instance, the number for zinc sulphate has been obtained by extra- 
polation, since, according to the conductivity measurements, only 23 per 
cent, of zinc sulphate is ionized in normal solutions. 


Table XXVI, — Bischaroe Potentials of some Anions and Cations. 


Cation. 

Charge on 
metal volts. 

Anions. 

Chai’ge in 
volts,; 

Zn- ..... 

- 0*493 

1 ' 

4-0*797 

Fe- ...... 

- 0*063 

Br' ..... 

+ 1*270 

Ni- : 

4 - 0*049 

0"' (in acid) . 

+ 1*396 

Sir‘ ..... 

4 - 0*085 

cr 

+ 1*694 

Pb’* 

4 - 0*129 

OH' (in acid) . . . 

+ 1*96 

W ...... ' 

4 - 0*277 

OH' (in bases) 

+ 1*16 

Cu*‘ ..... 

4 - 0*606 

NO/ ..... 1 

+ 1*76 

Hg** . . 

4 - 1*027 . 

SO4" ..... 

+ 1*9 

Ag‘* ..... 

4 - 1*048 ! 

HSO/ 

+ 2 


Just as different electrical pressures {E.M.F.) are needed to produce 
in different solutions equivalent amounts of chemical change, so different 
chemical reactions in a voltaic cell generate different amounts of electrical 
energy, and produce currents with different electromotive forces. During 
electrolysis a difference of electrical pressure must be continuously supplied 
because the current is consumed, so to speak, by the separation of chemi- 
cally equivalent quantities of matter (Faraday’s law). In a voltaic cell 
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electrical energy is produced, so to speak, from the chemical energy of the 
dissolving zinc. The (Question whether or not a given supply of 
electrical energy can start electrolysis is determined by the in- 
tensity, pressure, or voltage of the current The total supply of 
available electrical energy does not matter. Although a given quantity 
of electricity, say 96,540 coulombs, will separate chemically equivalent 
quantities of different electrolytes, these 96,540 coulombs must be supplied 
at definite pressures before electrolysis can take place. In other w^ords, 
just as different compounds decompose at different temperatures and this 
quite independent of the total quantity of available heat, so electrical 
energy at different voltages is needed for the decomposition of different 
electrolytes. 

The total amount of electrical energy required for the liberation of 
chemically equivalent quantities of different electrolytes can be approxi- 
mately determined by multiplying the 96,540 coulombs (or one farad) 
of electricity by the voltage needed for electrolysis. Hence the decom- 
position voltage is a measure of the energy needed for the decomposition 
of a gram equivalent of a given electrolyte, and the product of the quantity 
of electricity into its electromotive force not only represents the energy of a 
battery, but it also measures the chemical energy which is transformed by 
the battery into electrical energy. As indicated above, a joule, the unit 
of electrical energy, is numerically equivalent to the product of one volt 
into one coulomb. Further, a joule is equivalent to 0'2382 calorie of 
thermal energy. Hence, just as thermochemistry would write Na + Cl == 
Had 4” 97,900 calories, so electrochemistry whites Ha -f Cl == NaCl 
+ 411,000 joules. The amount of heat evolved or absorbed when a given 
compound is decomposed can be measured ; the minimum amount of 
electrical energy required to decompose a given compound must be at 
least equivalent to the amount of heat developed when the necessary 
constituents unite to form the original compound. As a first approxima- 
tion, it may be assumed that the heat of formation of any given compound 
is a measure of the thermal equivalent of the electrical energy required to 
break up the compound by electrolysis : chemical energy expended 
electrical energy produced. Otherwise expressed, thermal value of 
reaction ^ electrical energy produced. Both forms of energy are some- 
times expressed in terms of the joule using the conversion factor : 1 joule = 
0*24 calorie. 

Examples.-“(1) The heat of formation of sodium chloride is 97,900 calories : 
what is the equivalent electrical energy needed for the electrolysis of a gram 
equivalent of the fused salt, and W’hat is the decomposition voltage required ? 
Here, 97,900 calories are equivalent to 97,900 -f* 0*24 — 411,000 joules. But 
96,540 coulombs will liberate chemically equivalent quantities of sodium and 
chlorine, and 411,000 joules are needed for this purpose. Consequently, since 
electrical energy ~ volts X coulombs; 411,000 = volts X 96,540; or volts —4*3. 
This means that iu order to liberate 23 grams of sodium and 35*5 ^ams of chlorine 
from 58*5 grams of fused sodium chloride, 411,000 joules of electrical energy must 
be supplied at a minimum voltage electromotive force of 4*3 volts. The minimum 
voltages so calculated are usually a little higher than are needed in practice. 
It will be observed that the arithmetic , may be summarized by the formula : 
volts = 0*043 X Cals., where Cals, is employed to denote the heat developed by 
the reaction with an equivalent weight of the given compounds expressed in grama. 
B.g. the equivalent weight of water, HgO, is half the molecular weight ; the 
equivalent weight of aluminium chloride, AlOlg, is one-third the molecular weight. 

(2) What number of volts are required for me decomposition of water ? Given 
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34*2 Calf?, are needed to separate water into a gram of hydrogen and S grams of 
oxj'gen, 0*043 x 34*2 = 1*47 volts. 

(3) What voltage is required for the electrolysis of fused magnesium chloride, 
MgClg, when the heat of formation is 217*3 Cals. ? Ansr. 4*7 volts. 

(4) The heat of formation of calcium chloride is 160,800 calories. What 
electrical energy is required to decompose a gram-molecule, and what voltage will 
be needed t Ansrs. 707*5 kilowatts (seconds), 3*65 volts. 


5 6. Fractional Electrolysis— Magnus’ Rule. 

Among a number of mixed electrolytes there is a selective power at the 
electrodes which is based solely on the ratios of the voltages required to 
free the several ions. — J. T. Bpbague. 

'When a solution containing salts of different metals is subjected to 
electrolysis, there is a certain voltage at which one and only one of the 
metals will be deposited on the cathode — ^Magnus^ rule (1856). If a mixed 
solution of nickel and copper sulphates, for example, be subjected to 
electrolysis, copper alone is precipitated when the applied electromotive 
force has reached 1*29 volts: the nickel is not precipitated, since its 
decomposition voltage is T95 volts. On the other hand, if a mixture of 
nickel and iron sulphates be similarly treated, a mixture of iron and nickel 
will be simultaneously deposited. The decomposition voltages of these 
salts are too close to ailo^v an effective separation of the two elements by 
electrolysis. Hydrogen is also evolved during the electrolysis of these 
salts. This arises from the fact that the decomposition voltage of sulphuric 
acid— 1*67 volts — renders it also susceptible to the influence of the same 
current as liberates nickel and iron. 

Maiw useful methods of analysis are based upon these principles. In 
metallurgy too, electrolytic processes for refining metals — ^nickel, copper, 
lead, tin, silver, gold, etc. — ^have been developed. For example, in copper 
reflning, as we shall soon see, anodes made of crude copper are dipped in 
a solution of copper sulphate acidified with sulphuric acid ; the cathodes 
are sheets of pure coj>per, Zinc, iron, and copper from the anode pass 
into solution during electrolysis. The decomposition voltage is kept 
below that needed for the deposition of zinc and iron. In consequence, 
reflnad copper is deposited on the cathode. Other impurities aflecting 
the crude copper are but slightly soluble in the electrolyte, and are deposited 
about the anode as a tiiin mud — anode mud.” 

The decjomposition voltage of an electrolyte is greater the more dilute 
the solution. The concentration of any given salt about the electrode 
naturally decreases during the process of electrolysis. Hence also the 
decomposition voltage for that particular salt in the mixed electrolyte 
also increases. W'hen the concentration of the copper sulphate in a 
mixture of copper and nickel sulphates has become so small that the de- 
composition voltap of the dilute solution approaches that of nickel, any 
further electrolysis will bring down a mixture of both metals. There 
is, therefore, a limit to the process of electrolytic separation, just as there 
is a limit to the separation of substances in ordinary analysis. The limit 
in the former case is determined by the decomposition voltages of the 
respective metals ; and in the latter case the limit is determined by the 
solubility of the precipitate In the -given menstruum. The h'miting con- 
fmtratioE can he approximately .determined from the rule s A decrease 
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of iV ^ concentration of the electrolyte raises the decomposition 
voltage of any given ion 0-058/m volt, where m is the valency of the 
particular ion. 

As the cation is deposited about the cathode, the loss in concentration 
is made up by ditfusion from the surrounding electrolyte. To hasten 
diffusion, and prevent the undue attenuation of the electrolyte in the 
vicinity of the cathode, stirring by rotating one of the electrodes is 
sometimes used. 

If the cathode be small in comparison with the anode, the solution 
about the former will be very much more quickly exhausted than if a larger 
cathode had been used. The decomposition voltage of the substance 
will rise in a proportional manner. Hence the larger the cathode the lower 
the “ average ” electromotive force needed for the deposition of the pure 
metal. It is convenient to call the quantity of electricity flowing through 
unit surface area, the current density at the electrode, in other w'ord^s, 
“ the number of amperes j)er unit surface.*’ “ Unit surface ” is usually 
taken in the laboratory to be one square decimetre. The symbol K D. iqo = 
means that a current of 0*5 amp. flows for every 100 sq. cms. of electrode 
surface.. ■ ■ . ■ ■ 

Example. — What was the current density at each electrode of an electrolytic 
cell when 4 sq. cms. of each electrode were immersed in the electrolyte and a current 
of 4*25 amperes was passed through the system for one hour ? One square 
decimetre — lOO sq. cms. Hence, 1*0626 amps, passed per sq. cm. ; or 106*25 
amps, per sq. decimetre. The current density at each electrode was therefore 
106*25 amps., or N.D.^qo == 106*26, 

Current density is one of the most important factors in electrolysis, 
since it determines the character and nature of the products obtained at 
the different electrodes. Thus, by using a large current density and a 
concentrated solution of sulphuric acid, hydrogen, oxygen, ozone, and 
free sulphur can be obtained, whereas under ordinary laboratory conditions 
the latter substance does not appear. 

§ 7. The Factors of Energy. 

The term electromotive force in electricity is equivalent to the term chemical 
activity or a^ity. Just as the term quantity of electricity corresponds to 
the chemical notion of valency, — M. Salet (1867). 

All the differences discoverable in the effects of electricity (obtained from 
different sources) may be o^dng to its being less intense but produced in 
larger quantity (from some sources rather than from others).' — W. B. 
Wollaston (1801). 

The idea developed in the preceding sections, that electrical energy is 
dependent upon two distinct factors, may now be extended further. Water 
will only flow from one vessel to another when there is a difference in the 
level of the liquid in the two vessels. The actual volume of the water in 
either vessel does not matter. Again, heat will only pass from one body 
to another when the temperature of the one is higher than the tempera- 
ture of the other. The flow of heat is not determined by the quantity of 
heat in either the hot or the cold body. The heat in the furnace of a loco- 
motive can do work, not because it. is hot, but because it is hotter than its 
surroundings. If two reservoirs of gas be connected by a cylinder fitted 
with a sliding piston, the motion of the piston will not be determined by 


448 


MODEBN INOEGAKIC OHEMISTBY 


the %-olume of the reservoir, nor by the quantity of energy contained in 
the gas, but it viii be determined by difeence in the pressure of the ga& 
in the t wo cylinders. In this sense it can be said that every form of energy 
has a dual nature, for all the different forms of energy are of two dimensions 
in that they are compounded of two factors — mass of water and difference 
of level ; thermal capacity and temperature ; volume and pressure of gas, 
Tlie one factor is called the quantity or capacity factor, and the other the 
intensity factor or strength, ' 

Available energy = capacity (quantity) factor X intensity (strength) factor. 
Ifenee follows this interesting and rather important simplification : the 
intensify factor of energy alone determines 'whether a change will actually 
occur ; while the capacity factor determines the quantity of change, or of 
work done. IVhen the c^mcity factor is constant, or nearly so, more work 
can be got from a definite amount of energy with a high than with a low 
intensity factor, and a moment’s reflection will show’ that in every trans- 
formation the intensity factor will be diminished. Energy becomes less 
available for doing v'ork when the intensity factor is diminished. 

What are the factors of chemical energy ? — For, as A. Butterow said, 
in 1861, “ it is necessary to distinguish the quantity of afiSnity from its 
intensity — Le. the smaller or greater energy with 'w^hich it tends to become 
active,” If chemical energy can be resolved into two factors, the one 
factor must be analogous to the capacity, and the other to the intensity 
factor of thermal energy. J, W. Gibbs calls the intensity factor of 
chemical energy the chemical potential, and G. Helm calls it the chemical 
intensity, and it has been also called the driving force of a reaction. These 
terms are employed with the idea of avoiding the vagueness of the old term, 
chemical affinity, which is undoubtedly the correct designation for 
chemical intensity.” Now, the quantity of a substance which takes 
part in any chemical change is proportional to the “ equivalent weights ” 
of the substance, when the term equivalent weight ” refers to quantities of 
matter which have the same valency. Assuming that the chemical 
equivalent is the capacity factor of chemical energy, we may write — 

Chemical energy 5 =: equivalent 'weight x chemical affinity j 
or 

Chemical energy equivalent 'R^eight X chemical intensity. 

Borne follow M. Salet and write ‘‘valency” where “equivalent weight” 
has just been written ; but that does not seem the right thing to do. 

If two bodies at the same temperature be placed in contact, there will 
be no apparent conduction of heat from the one to the other ; but when 
the temperature, or intensity factor, of the one body is higher than that 
of the other, heat will pass from the hot to the cold body, so that the cold 
foody is warmed and the hot body is cooled. So with chemical energy. We 
assume that the molecules of every substance possess a specific amount of 
chemical energj^ which has a definite intensity under certain specified con- 
ditions, One substance can only react with another when the intensity 
of the energy associated -with the original mixture is greater than that of the 
final system. If the intensity of the energy associated with the original 
mixture be the same as that associated with the products of the reaction, 
no reaction will take place, for the system will be in stable equilibrium ; 
if the intensity factors are not equal, the energy will not usually be at rest. 
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Water placed in a series of vessels in communication with one another will 
only come to rest when the surface of the water is at the same level in each 
vessel '' Difference of level ” here means that the gravitational energy 
has a different intensity factor in each vessel The availability, so to 
speak, of any given form of energy depends on the magnitude of the 
intensity factor. The real value of heat as a source of power depends on 
its temperature. The hotter a body in relation to its surroundings, the 
greater the available heat energy. This idea is involved in the so-called 
second law of thermodynamics. An electric current will flow’' whenever 
there is an inequality of the intensity factor — i,e, a difference of potential — 
at different parts of the circuit. If the intensity factors of any particular 
form of energy in a system are not equal, the system will be in a state 
of unstable equilibrium. Such a condition will not be permanent, and 
energy will flow, so to speak, from one part to another until the 
different intensity factors become equal. 

Ostwald has drawn attention to the fact that if the chemical process 
be performed in a voltaic cell, the work derived from that process will be 
transformed into an equivalent amount of electrical energy. And since, 
by Faraday’s law, the capacity factor— -quantity of electricity — is pro- 
portional to the quantity of matter decomposed, the capacity factor of 
the electrical energy will be proportional to the capacity factor of the 
chemical energy. Hence the respective intensity factors of chemical and 
electrical energies will also be proportional. But electromotive force is 
proportional to the intensity factor of electrical energy, and therefore 
electromotive force is proportional to chemical affinity. Electro- 
motive force and chemical affinity are manifestations of one form of 
energy. We see, then, with Faraday, that “ the forces called electricity 
and chemical affinity are one and the same.” Our problem is solved for 
conductors of electricity — electrolytes. Chemical action takes place when 
the potential of the reacting substances is greater than that of the reacting 
products. We can to-day express the “ affinity ” between a number of 
reacting substances roughly in terms of difference of potential How this 
may be done for non-conductors of electricity has not yet been determined. 

The temperature or intensity factor of heat energy required for the 
decomposition of many substances — ^say calcium or potassium chloride — 
is so great that commercial methods of decomposing these substances by 
thermal energy are not profitable. A great many compounds thus appear 
to be very stable when heated to high temperatures, these can often be 
decomposed by electrical energy at a comparatively low voltage (intensity 
factor). This illustrates how the commercial production of metals like 
aluminium, calcium, etc., were not particularly successful until electrical 
methods were adopted. The prediction of C. L. BerthoUet, 1803, has been 
fulfilled. “ The electric current,” said he, “ has furnished chemistry with 
an agent whose energy may be carried to a degree which, as yet, can 
scarcely be imagined, and which will furnish the means of producmg in the 
formation and decomposition of chemical combinations, effects unforeseen, 
and superior to those which it is possible to obtain by the action of heat,” 
It has been suggested, too, that if a source of energy wdth a particularly 
high intensity factor were available, it would most likely be possible to 
decompose many of the so-called elements into still simpler substances, 
but this, of course, is merely a speculation. 
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' . Questions. 

L What is the weight in grams of (a) iron, (b) alnmininm which would theo« 
retlcaiiy be requu'ed to remove (he. precipitate) the copper completely from a 
solution containing one kilogram of crystalline copper sulphate, CUSO4.6H2O 
(Cm « 63*6, Za 65, Ai =*.J7,,0, 16, S = 32, H == 1) ^--Sydney Vniv. 

2. How much silver will be deposited from a solution of silver nitrate by a 
current of 2 amperes in 30 minutes ? 

3. Explain the meanings of the terms “ electropositive ” and “ electronegative ’* 
as applied to the elements, — London. Unw, 

4-, What weight of silver and copper would be deposited by an electric current 
Bowing through a solution of those metals in the same time that it liberates 30 c.c. 
(at n.p.t.) of a mixture of oxygen and hydrogen from acidulated v'ater (Cu — 68, 
Ag = 108 } ? — London Univ, . 

5. The solution pressures of the elements : manganese, uino, tin, hydrogen, 
copper, and oxygen decrease in the order in which they are named. What 
might be expected to occur (and why) when (a) metallic manganese is placed in a 
solution of copper ; (b) when metallic copper is placed in a solution of a tin 
suit ; (c) when metallic manganese is treated with an acid ; (d) when tin is treated 
with a weak acid ; and (a) when copper is treated with an acid ? — Massachusetts 
Inst. Technology, 

6 . Show how the evolution of hydrogen when metallic iron is treated with 
hydrochloric acid is comparable with the deposition of lead upon a strip of zinc 
%vhen the latter is immersed in a solution of a lead salt. — Massachusetts InsU 
Technology, 



CHAPTER XXI 

Copper, Silver, and Gold 

§ i. Copper — Occurrence and Prcperties 

History. — Copper appears to have been known irom prehistoric times 
— the neolithic age — ^long before the histories of the ancient peoples were 
engraved on stone pillars or inscribed on papyri. The “copper age” 
followed the “ stone age.” At the time of Ramses 11 (about 1300 b.c.), 
copper was so costly that it was stored among the treasures of Egyptian 
temples. Copper appears to have been used for making utensils and 
instruments for war before iron. This is probably due to the fact that 
copper occurs native in a form requiring no metallurgical treatment. The 
ancients used the terms (chalcos) and ces for copper, brass, and 

bronze. In fact, the terms for copper, brass, and bronze are much confused 
by the old writers, showing that they did not understand the difference — 
e,g, Pliny. Pliny, by the way, wrote a celebrated BaUiral History at the 
beginning of this era. In this book he laboriously garnered what he could 
of facts and fable then known concerning nature ; hence the hook is often 
quoted. Copper was afterwards called m cyprium (i.e. Cyprian brass), 
since the Romans first obtained it from the Isle of Cyprus ; the term m 
cyprium jras soon abbreviated to cuprum. Hence the modem symbol 
** Cu.” Vrh e jseveia metals— gold, silver^ mercury, copper^ tin. Iron, a nd 
lead — faowi5rTO'IEe" SrE^ '''cn^oa ^ nam es and 

symbols’" oF^IBSenseven ^eiderTEeawii^To^^^ Moon, Mercury, i 

Venus, Jupiter, Mars, and Saturn. Thus the looking-glass of Venus 9 | 
symbolized copper. In some cases it is possible to see a reason why a / 
particular metal was assigned to a particular heavenly body, but in other ) 
cases the connection is more remote. 

Occurrence. — ^Metallic copper is found in many localities; e.g. con- 
siderable masses have been found in Michigan, on the shores of Lake 
Superior ; and small quantities in many other places — Cornwall, Siberia, 
Ural, Australia, Chili, etc. Compounds of copper are distributed in 
nature as oxide in cuprite^ or ruby ore, Cu^O ; as sulphide In cMkociie) or 
copper glance, CugS ; copper pyrites or cTmlcopyrite^ CuFeS^ or CugS.FeaSg. 
The real composition of many copper sulphides, as they occur in nature, 
is exceedingly complex. The same remark, is more or less true for the 
composition of most natural minerals ; at least chemical foxmulse which 
follow the analyses closely are very complex. The formulae for minerals 
are ■dommoniy represented- if , pure' minerals ocomred in imtur©.' 
Ideally pure miner^ veiy.jeldom ’ocour'-id nature^ and accordingiy# the 
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formulse represent ideal or imaginary minerals to wMch real minerals 
approximate more or less closely. Copper also occurs in many places as 
basic carbonate, malachite, CuC 03 .Cn( 0 H) 2 ; and azuriie, 2 CiiC 03 .Cu( 0 H) 2 . 
Copper silicates, arsenates, phosphates, etc., are also known to occur 
native. Copper has also been found in the feathers of some birds. 

Properties. — Copper has a characteristic reddish-brown colour by 
reflected light, but in transmitted light, thin layers are green. The metal 
can be obtained in octahedral crystals (cubic system). When near its 
melting point, copper is brittle enough to be powdered. If a piece of 
copper be heated and cooled slowly, it is brittle ; and if cooled rapidly, it 
is soft, malleable, and ductile. Copper is one of the best conductors of 
heat and electricity. These properties are mcdifled if the metal be con- 
taminated with minute traces of impuritj^ Copper melts at 1083*0'^ in 
an atmosphere of carbon monoxide ; if heated in air, the melting point 
is reduced some 20'^ This is due to the formation of cuprous oxide which 
dissolves in the molten metal. Copper begins to volatilize at about SOO'^, 
and it can be distilled in the electric furnace. It furnishes a green vapour, 
and it colours Bunsen’s flame green. Dry air has no action on copper, 
but in the presence of atmospheric moisture and carbon dioxide, the metal 
becomes covered with a green basic carbonate called verdigris — Erench 
vert de gris. The atmosphere of towms containing sulphur oxides may 
also form basic sulphatevs with the copper, Hj^drochloric and sulphuric 
acids have little or no action on the metal in the cold ; hot sulphuric 
acid dissolves copper rapidly, and hot hydrochloric acid attacks the metal 
slowly. Nitric acid — ^hot or cold, dilute or concentrated — dissolves the 
metal rapid!}-, forming copper nitrate. Ammonia acts on copper in the 
presence of air, forming a deep blue solution. 

Atomic weight. — ^The combining w-eight of copper has been determined 
by the analysis or synthesis of the oxide, sulphate, chloride, etc. The 
results, referred to oxygen = 16, vary betw^een 63*35 and 63*68 ; and the 
best representative value is taken to be 63*57. This number also represents 
the atomic weight, as estimated by the isomorphism of the cuprous, silver, 
and gold salts ; by the vapour density of the volatile cojjper compounds ; 
and by Bulong and Petit’s method of approximation — specific heat of 
copper 0*0956. 

Uses.— Next to iron, copper is the most useful metal. Enormous 
quantities are used in the electrical industries. It is also made into house- 
hold utensils, boOers, etc. Copper nails, rivets, and sheeting are used 
for sheatliing ships because copper is but slowly corroded in moist air 
and In sea-w*ater. Copper is one of the chief ingredients in numerous 
industrial alloys. A high degree of purity is not always a desideratum, 
since the pure metals occasionally possess undesirable qualities. Copper^ 
is one of the few metals w*hich in the pme state has an important field of 
usefulness, since it is then a far better conductor of electricity than the less 
pure metal. Gold and silver, used in jew^elle3y,etc.,are usually alloyed with 
other metals — copper — ^in order to give them hardness and durability 
without detracting from their appearance. New alloys of the various 
metals are constantly being investigated. British copper coins contain. 
95 per cent, of copper, 4 per cent, of tin, and 1 per cent, of zinc ; part 
of recent issues had copper '05*5, .tin 3*0, and zinc, 1 ’S’ per cent.- Gold 
and silver coins of diflerent nations usually contain 8-10 per cent, of copper. 
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Nickel wins: in Germany and the United States contain about 25 per cent. 
nicM, and 75 per cent, of copper. Copper is largely used in the manu- 
facture of alloys. With zinc it forms (zinc 1, copper 2-5) — comnmn 
brass has zinc 1, copper 2, Dutch metal {zinc 1, copper 4), hell metal (copper 3, 
zinc 1) ; with tin^ specte^ copper 2) used for optical instru- 

ments ; metal (tin 1, copper 9) was once used for makii^ cannon. 
Bronze is an alloy of copper (70-90 per cent.), zinc (1-25 per cent.), and tin 
(1-18 per cent.) ; it is used for making statues, coins, ornaments, etc. 
Phosphor bronze Gontnim tin and a small percentage of phosphorus; 
onanganese hronze employed for propeller blades has about 0*3 per cent, 
of manganese. The manganese alloys are tougher than ordinary bronze, 
and they are largely used for steamship propellers because they resist 
corrosion by sea water fairly well, and certain parts of machinery. 
Aluminium hronze contains 90 per cent, of copper ; it is a hard yellowish- 
brown alloy, light, strong, and elastic. It is used for making the hulls of 
yachts, etc. German contains copper (56-60 per cent.); zinc (20-25 
per cent.), and nickel (20-25 per cent,). It is used in making resistance 
coils (owing to its low electric conductivity), and for imitating sOver, 


§ 2. Copper— Extraction* 

The methods employed for winning copper from its ores depend 
upon the kind of ore used, and upon local conditions. Similar ores 
are seldom treated in the same manner in different localities. If the 
ore contains no sulphur— as is the case with the carbonates and oxides — 
the metal can be obtained by simply reducing the ore mixed with suitable 
fluxes and coke in a furnace heated by a blast. Assuming that the ore 
to be smelted is a typical chalcopyrite, the operations involved in extracting 
the copper are somewhat complex because (1) a large number of impurities 
are present in the ore ; (2) copper of a high degree of purity is needed ; 
and (3) it will probably be profftablo to recover gold and silver from the 
crude metal. Nearly all the copper produced to-day is made in a modified 
form of Bessemer's converter. 

1. Roasting the ore. — The pyritie ore is first crushed, and it may or 
may not be necessary to concentrate the pyrites by washing aw’ay the rocky 
impurities. The concentrated ore, in one works, contained about 14 per 
cent, of copper, and 29 per cent, of iron. Part of the concentrated ore 
is then roasted, say, in a reverberatory furnace in order to convert the 
sulphides into oxides. The copper sulphide oxidizes less rapidly than iron 
sulphide ; such is the difference, that if a mixture of the two sulphides 
be acted upon by air, it is usually stated that “ the copper sulphide is not 
attacked until aU the iron sulphide is oxidized.” The reaction in extreme 
cases is represented : 2 CuFeS 2 + fiOg = CugO + EcgOg + 480-2.%^ It may 
or may not be convenient to use the sulphur dioxide for the manufacture 
of sulphuric acid, 

2. Fusion for matte. — ^A mixture of roasted and unroasted (‘' green 
ore and coke is charged into a reverberatory furnace or into a blast furnace 
lined with firebricks and heated by a blast. The ore probably contains 
silica, if not, some must be added when the furnace is charged. The 
air-blast burns the carbon to carbon monoxide ; 2C + Og = 2CO, Part 
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of the cuprous oxide formed In the preceding operation is reduced to 
copper by the joint e:Sect of the carbon and carbon monoxide : Cu^O 
-u 00 '2C11 -h CO 2- The eopper oxide is much more readily reduced 

than iron oxide. The eopper unites with the sulphides in the iinroasted 
ore : 3Cu =-« 3CuS 4-* 2Fe ; and some of the unreduced cup>rous 

oxide forms cuprous sulpliide : 3CU2O 4- ^6283 — 3CU2B H- FcgOg ; and 
some cuprous sulphide and oxide react to form metallic copper and suljihur 
dioxide : 2CU2O CiigS = SOg -r 6Cu. Any cupric sulphide present is 
reduced to cuprous sulphide. The net result of the smelting for matte? 
is'fl) the transfonnation of the copper into cuprous sulphide, (2) part^df ‘ 
the ii’on unites with the silica to form a fusible slag, and (3) part is reduced 
to f(‘rrous sulphide which remains admixed with the cuprous sulphide to 
foi'ui matte. The lighter slag rises to the surface and flows over into a 
]>it. The matte, which collects at the bottom of the trough, is drawn off 
from time to time. Matte is a more or less impure mixture of cuprous 
and ferrous sulpliides containing 20-75 per cent, of copper. The gold 
and silver, and part of the arsenic and antimony in the ore remain with 
the matte. The furnace is then tapped, and the matte and slag are run 
into a trough. 

3. The conversion of the matte into blister copper. — ^The molten matte 
is run into a tilting converter ’’ furnace lined with a mixture of quartz 

and clay, and aiTanged with ox^enings in 
the bottom so that ak can be blowm 
through the molten matte, Fig. 158.. The 
sulphur, iron, and many other metals are 
oxidized. The volatile oxides are driven 
off, the iron oxide unites with the siliceous 
lining of the converter to form a slag. The 
iron and sulphur are oxidized irst. As 
soon as appreciable quantities of copper 
commence to oxidize, the operator can tell 
Fro. 158.—“ Converter Fur- from the ax^pearance of the flame issuing 
nace (Diagrammatic). from the converter that it is time to stop 
the blast. The furnace is then tilted, and 
the cop|>er is mn off. As the copx)er cools, the sulphur dioxide dissolved 
by the metal is expelled, this gives the metal a blistered appearance, 
hence the product is called blister copper. 

4. The conversion of blister into crude copper. — The blistered copper 

is melted on the hearth of a reverberatory furnace — e.gr. Fig. 192— and any 
oxide dissolved by the copper is reduced by forcing a log of green wood 
into the molten mass. The hydrocarbons of the wood, bubbling through 
the molten metal, reduce copper oxide to metallic eopper. The poled ” 
copper is cast into plates— about |4ncli thick, 3 feet wide, and 3 feet long 
— ^if it 'is to be further purifled. ■ • ‘ ' 

5. - Refining the crude copper by electrolysis.— Crude copper is refined 
by an electrolytic process. Plates of crude eox>per are suspended, as anodes, 
in a bath of copper sulphate acidified with sulphuric acid. Sheets of pure 
copper, as esthetes, 'are stispendedalteimtely with the anodes in the saipe 
bath. When the current passes, copper dissolves from the anodes, and 
pure copx)er is dep^ited at the cathodes. The impurities in the crude 

either pass into solution, or are deposited as a mud, or slime ” 
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about tbe anode. The anode is enclosed in filter cloth bags to facilitate 
the collection of the “anode nmd.” Considerable amounts of silvei’ and 
gold are obtained from the slimes or “anode mud.” It is possible to get 
a very high degree of purity—e.gf. 99*8 per cent, copper— by the electrolytic 
process. This quality of copper is needed for electrical purposes, since a 
trace of impurity may considerably reduce the electrical conductivity 
of the metal. Copper matte, blister copper, and even copper ores have 
been treated, more or less successfully, by electrical processes, but the 
product is not very pure. 


§ 3, Silver — Occurrence and Properties. 

History. — Silver has been known from ancient times. There are some 
allusions to silver in the Old Testament, and it was probabl}^ used as money 
as early as gold. The Phamicians are supposed to have obtained their 
silver from Armenia and Spain. Silver appears to have been purified 
by a process of cupellation, but there is little evidence to show that the 
ancients knew how to separate silver from gold. The old terms for silver 
refer to its bright white colour— the Hebrew equivalent is derived from 
the verb “ to be white,” and the Greek term from dpyos (argos) to be 
shining. The early chemists termed silver “ Luna,” or “ Diana,” and 
represented it by the symbol ) for the crescent moon — probably because 
of the pale silvery colour wiiich the poets say is characteristic of 
moonlight. 

Occurrence. — Native silver is occasional^ fotmd in large masses or 
crystallized in cubes or octahedra. It is also found associated with metallic 
copper, gold, etc. The principal ores of silver contain silver glance or 
argeiitite, AggS, admixed with several other sulphides — antimony, arsenic, 
and copper. The chief silver ores are found in Mexico, Peru, Giiili, Bolivia, 
Idaho, Arizona, Nevada, Colorado, Norway, Australia, etc. Much silver 
also occurs associated with lead in galena, and a great deal of the silver in 
commerce is extracted from argentiferous lead. Silver chloride, AgCI, 
occurs as hemrgyrite^ or horn silver. 

Properties of silver. — Silver is a white lustrous metal which appears 
yellow if the light be refiected from its surface many times before it reaches 
the eye. Veiy thin layers of silver have a bluish tint. Powdered silver 
is grey and earthy in appearance. Silver is highly malleable and ductile. 
Sheets 0*00001 inch thick have been made. Silver melts at 958“^ in an 
atmosphere of carbon monoxide, and vaporization commences about 850^^ 
and proceeds rapidly between 1200^ and 1500°. It can be distilled in the 
oxy-hydrogen blowpipe, or in the electric furnace. The vapour appears 
of a greenish colour. Molten silver absorbs oxygen, and rejects most of 
it on cooling. The evolution of oxygen from cooling silver is often violent 
enough to spurt some of the metal away from the main mass — Whence the 
term the spiiiing of silver. Silver conducts heat and electricity better than 
copper. Exposure to the air has no action on silver, but if the air foe 
contaminated with hydrogen sulphide, the silver is blackened owing to 
the formation of a thin film of silver sulphide on the smfaoe. Nitric acid- 
hot or cold, dilute or conoentrated—^readiiy dissolves the metal, forming 
silver nitrate Hot concentrated sulphuric acid gives silver sulphate, but 
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tlie metal is not preceptibiy , attaeked by the dilute acid. Hydrochloric 
acid acts \eiY slowly, if at all, at ordinary temperatures, but at a red heat, 
hydrogen chloride forms silrer chloride. The vapour density of silver 
vapour at 2000® shows that at this temperature the molecules are 
monatomic. 

Atomic weight. — ^Analyses of various halogen compounds of silver give 
numbers ranging from 107*67 to 108*09 for the combining weight of silver 
(oxygen ~ 16) ; the best representative . value is, supposed to. be 107*88 
which also represents the atomic weight. This number agrees wdth the 
Isomorphism of the silver, gold, copper, and sodium salts ; and also with 
Dulono: and Petit's method of approximation — specific heat of silver, 
0*0562i 

Uses. — British silver coinage has very nearly 92*5 per cent, of silver 
and 7*5 cent, of copper. This is the standard of sterling silver for 
coinage and for silver plate regulated by law down to 1919 ; since 1920, 
tlie silver coinage has 50 per cent, of silver. In 1920-22 the silver coinage 
had 41 per cent, of copjier, and 9 per cent, of nickel, and later issues have 
had 50 cent, of copper. The American dollar has about 90 per cent, 
of silver. Silver ornaments made from standard silver can be heated in 
air to oxidize the copper near the surface of the metal, the resulting copper 
oxide is removed by digestion with sulphuric acid, leaving a superficial 
layer of pure silver. The effect so produced is called “frosted silver.’^ 
The so-called “ oxidized sOver ” is made by dipping silver ornaments in a 
solution of an alkaline sulphide. A thin film of sulphide is thus formed on 
the storface, 

I 4. Silver — ^Extraction. 

Although the methods employed for the extraction of silver are very 
varied, yet they can be arranged into four groups : 

1, Lixiviation processes.— In ZiervogePs process, the ores are roasted 
under carefully regulated conditions so that the iron and part of the copper 
sifiphidcs arc converted into oxides, w*hiie the silver and part of the copper 
are converted into silver and copper sulphates, Ag 2 S 04 , CuSO^. The 
soluble sulphates are extracted w*ith w*ater, and the silver precipitated 
from the solution by the addition of scrap copper. The copper is after- 
wards precipitated by the addition of iron. This process was once much 
used for argentiferous copper mattes. In Percy and Patera^s process 
the ore m roasted with salt ; silver chloride is formed. This is extracted 
with sodium thiosulphate ; or with strong brine, as in Augustin's process. 
In Percy and Patera’s process the silver is precipitated from the solution 
as silver sulplaide by the addition of sodium or calcium sulphide and 
reduced to the metal by calcination in a roasting furnace ; in Augustin’s 
process, the silver is precipitated by scrap copper. The modern cyanide 
process has practically ousted the lixiviation processes just indicated. 
In the cyanide proc^es8, the crushed ore is treated wdth a solution of 
potassium or sodium cyanide. The cyanide reacts with the silver sul- 
phide : AggS -f 4NaCy ^ BHaAgOja -f- HagS, The accumulation of 
sodium sulphide in the solution stops the reaction. When the solution is 
exposed to the air, however, the sodium sulphide is oxidized to sodium 
thiosulphate and sulphur. The reaction then progresses as indicated in the 
equation from left to right. Thus, the free access of air to the cyanide 
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solution is an important factor in promoting the dissolution of silver. 
The silver is recovered from the solution by sine or almniniuni precipi- 
■■tation.^ . 

2 . Amalgamation processes.~In Mexico, where' is scarce, the 
so-called patio process—invented about 1557 by B. de Medina — ^has been 
in. use over 3,00, years, but now. it is almost displaced by. the^ cyanide process. 
Hence the' patio, . process , promises very - soon to^ be of little, more than 
historic interest. ; ; ,I,n this /process, ; the 'powdered ore , mixed: with .water , 1 s 
thoroughly, incorporated with a .little,, .sodium chloride., . In about,,: a day, 
mercury is added, along with some roasted pyrites containing a mixture 
of copper and iron sulphates and oxides. The wlioie is most intimately 
mixed, and more mercury added from time to time. The mixing is done 
on large stone-paved areas — patios — by being trodden by mules. It 
is probable that copper chlorides are first formed : 2NaCl -|- CUSO 4 
= CuCIg -f Na 2 S 04 , and these decompose the silver sulphide : CiiClg 
+AgS == 2 AgCl H- CuS ; CuCIa + CuS== 2CuCl -f S ; and 2CuCi + Ag^KS, 
= 2AgCl + CugS. The silver chloride dissolves in the brine, and it is then 
immediately reduced and dissolved by the mercury : AgCI + Hg = HgCl 
-h Ag. The mercury is more active if about 1 per cent, of sodium be 
dissolved in it. The resulting silver amalgam is separated from the mud 
by washing and settling ; and the excess of mercury is squeezed through 
canvas bags. The solid amalgam is then pressed into cakes, and heated 
in a retort. Mercury distils over, and silver remains behind. A certain 
amount of mercurous chloride is lost during the operations. 

3. Smelting process is largely used in America. The object is to con- 
centrate the silver in lead. The ore is mixed wdtli coke and limestone, 
and heated in a small blast furnace. A fusible silicate of iron and lime is 
formed as a slag, and the reduced metal accumulates in the bottom of the 
furnace. Slag and metal are run of! from time to time. The pigs ” of 
lead are passed on for desilverization. 

4. Electrolytic processes. — The electrolytic process applied in the 
refining of copper extraction is used for the separation of silver from argen- 
tiferous copper; and it would be difficult to find a more remarkable 
application of the electric current by transferring the metal to be purified 
from anode to cathode. In B. Moebius' process (1884), the electrolyte 
is a mixture of silver and copper nitrates acidified with nitric acid. A slab 
of impure silver is used as anode, and a plate of pure silver as cathode. 
Silver and copper are dissolved at the anodes, and silver is precipitated 
on the cathodes. The gold, if present, remains undissolved as a slime 
below the anode. The anodes are enclosed in filter bags to facilitate the 
collection of the “ anode mud.” The composition and concentration of 
the solution, as well as the current density are carefully regulated on account 
of the danger of depositing copper with the silver, 

§ 5. Desilverization of Lead. 

Lead can be desilverized by means of Pattlnson^s or Parkes’ process. 
The latter process is generally used, the former but seldom, 

L Pattinson^s process. — ^Molten lead arid silver mix together in all 
proportions. The melting points of all possible alloys of the two metals 
are indicated in Fig. 159. There is a euteotic at 303"^, when the molten 
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mixture contains 2-|' cent, of silver. If a molten mixture of lead withj 
sav, 50 i>er cent, of silver be allowed to cool, when the temperature reaches 
(]4S^ some silver (contaminated with a little lead) will separate from the 
solution. The remaining fluid is richer in lead than it was before, and 
consequently remains fluid, but as its temperature falls, more silver will 
separate from the solution and the mother liquid will continually get 
poorer and poorer in silver until but per cent, remains. The whole 
will then freeze en wm$e at 303°. If the molten mass contains less than 
2?> per cent, of silver, it will begin to freeze somewhere between 327° and 
303% and lead (contaminated with a little silver) will separate from the 

solution, and continue separating until 
the mother liquid has j)er cent, of 
silver, when all v;ill freeze en bloc. 
The ■results, .are here,, quite' analogous,' 
■with ,' the ■' freezing ■ :, of .,'Soiutions ■' of ■■"'Salt 
and ...w^'ater''":'' indicated ;','„in,., ,;an ■„" 'earlier" 
"chapter ^' '■ , ■: ■ .'In.'. 'Pattinsonh: , -'process',',' 'for' 
separatinge'ilver;' ,fr6mle:ad, ■,tlie'"-,molten 
mixture contaiiiing: less . than 2| per 
cent, of silver is allowed to cool slowly, 
and the crystals which separate from 
the cooling solution, containing more 
-lead',' ''than "'the'-- 'original':''',' 'solution, ^are 
skimmed off with perforated ladles 
into a neighbouring pot until one-third to one-eighth of the original 
solution remains. The enriched silver-lead alloy remains in the pot. 
The operations are repeated on both fractions until the enriched lead 
contains about one per cent, of silver, and the desilverized lead contains 
but 0*CK)1-0‘002 per cent, of silver. The theoretical enriched lead should 
have 2 1 per cent, of silver. The eniiched lead is then cupelled for silver — > 
see Gold refining by cupellation.’* 

IL Parkes* process. — ^2mc readily forms a number of chemical com- 
pounds wdth siiver—e.g'. AggZn^i, AgZn, AggZng, AgaZng, A.gZ'n.j g. They all 
show maximum points on the freezing-point curve of alloys of zinc "and 
silver. These compounds all freeze at a higher temperature than molten 
lead, and they are specifically lighter than molten lead. Hence if molten 
zinc be stirred in a bath of molten argentiferous lead, and the molten 
mixture be allowed to cool, a crust is formed on the surface containing a 
zinc-silver compound. Gold in the argentiferous lead also passes with the 
silver to the zinc. The zinc-silver er 3 ’stals are removed from the surface as 
they are formed until the lead itseif begins to solidify. The skimmlngs 
can be remelted, and the process repeated, until finally the remaining lead 
contains but 0*0005 per cent, of silver. The desiiverization can thus be 
carried much further by this process than is practicable with Pattinson’s. 
In practice, the zinc added to the lead is kept between 0*8 and 1 *5 per cent., 
and the zinc-silver crystals which separate are mainly AggZng. The 
mixture of zinc, lead, ete.^, is heated on an inclined siuface hot enough to 
melt the lead, but not the zinc alloy. The lead flows away, and the en- 
riched scum remains. The zinc can be separated from the silver, gold, 
and lead, by distillation. The residue in the retort containing the silver 
aiid gold is cupelled ' ^ ■ 



Fig. 159, — Freezing Curve of 
Silver.' Lead Alloys. 
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§ 6. Gold — Occurrence and Properties. 

The extensive use of this metal wherever gorgeous ornametii is required, as 
well as in the simj>iest designs of art— from the glittering crown of an 
emperor to the neat little wedding-ring of the village maid— has imparted 
to gold an interest which other metals have failed to' excite. — H. Soweeby. 

History. — “ Gold,” said T. Bergman, ** occurs in the bowels of the earth 
native, possessing a complete metallic form, although in general the small 
particles of it are so interspersed in various matrices that they are entirely 
invisible.” C^old must have been one of the earliest of metals to attract 
the attention of primitive man, since it occurs free as virgin gold in nature, 
and is found in the rocks and gravels of many rivers. Flint daggers with 
gilt handles have been reported from excavations in Eygpt, and gold is 
mentioned in the earliest writings of civilized man. Representations of 
quartz-crushing and gold-refining processes are reported to have been found 
in Egyptian tombs dated 2500 B.c. ; similar remarks apply to a inap 
showing the gold-mining regions 1350-1330 B.c. The gold mines of Kubia 
were worked extensively by the early Egyptians. Pliny described the 
amalgamation process for the extraction of gold. Cuj)eiiation processes 
for the purification of gold were described in the second century, and the 
same process is probably referred to by Jeremiah in the Old Testament, 
600 B.c. The earliest words for gold in Hebrew and Egypt refer to its 
shining appearance. The early chemists called goldso^ (the sun) or Apollo, 
and represented it by the symbol of perfection © or ^ or by the sun or 
Apollo with a crown of rays on his head. Fig, 1 ; not altogether on account 
of its appearance, but because they considered it to be the most perfect 
of the noble metals — metallmn rex, the very king or Apollo of metals. 

Occurrence. — Gold is generally found in a metallic condition in quartz 
veins as reef gold; and in alimnal gravels as alluvial gold — the. latter 
represents the debris from the weathering of auriferous rocks which has 
been washed into river beds, etc. Large nuggets are occasionally found 
— one from California w^eighed over 190 lbs. ; and one from Victoria, 
183 lbs. , Native gold is never found pm‘e, but specimens 99 per cent, purity 
are sometimes found ; and one from Cripple Creek (Colorado) was reported 
to be 99*9 per cent, purity. 

Metallic gold is very widely distributed in nature in quantities too small 
to be profitably extracted. Sea- water, for instance, is said to contain 
about grains per ton. Granite, on the average, has about 0*37 part 
per million ; sandstones, 0*03 part per million ; limestones, 0*007 part 
per million. Gold also occurs in small quantities in clays, iron pyrites, and 
in almost all silver, copper, bismuth, lead, zinc, tellurium, and antimony 
ores. Gravels which need not be crushed can sometimes he profitably 
treated for gold — alluvial gold — if but 2 to 3 grains per ton be present, 
that is, one part of gold per 6 million parts of w^ortidess material. The 
mean of the returns for the Rand is something less than half an ounce of 
gold per ton of material treated. 

Properties. — Gold I Yellow glittering precious gold is yellow^ only when 
in masses, for it appears red if the light be reflected many times from the 
surface of the metal before it reaches the eye* Gold-leaf is green or blue 
in transmitted light ; this is best seen , by placing a sheet of leaf-gold 
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between two sheets of glass and examining the combination through a 
magnifying-glass in transmitted light. If precipitated in a fine state of 
subdivision, the tint of gold varies from red to dark bro\^m. Very thin 
iiims of gold are crimson or purple in transmitted light. Gold crystallizes 
in the cubic system. It is one of the most malleable and ductile of metals, 
sheets 0-000(K:)04 inch thick have been made. It is not quite so good a 
conductor of heat and electricity as silver and copper. Gold melts at 
1063 •0"’ ; and the molten metal appears green. It begins to volatilize 
at temperatures just below its melting point, say, at 970°. Krafft and Rerg- 
feld say that the metal boils at 2530°. Gold occludes oxygen, hydrogen, 
and carbon monoxide under suitable conditions. Gold is not acted upon 
by air or oxygen at any temperature, hence the alchemists called gold a 
mble meial in contrast with base met€iU--'Yiko copper, lead, tin, etc. — which 
are oxidized and lose their metallic character when heated in air. Silver 
and platinum are noble metals for the same reason as gold. The inert gases 
argon and its congeners have been called noble gases because they are 
chemically inactive. The fact that Moses was able to reduce Aaron’s 
golden ” calf to ashes by calcination referred to in the booh of Exodus 
is taken as evidence that the gold of Aaron and his religious brethren was 
a kind of brass, possibly alloyed with a small proportion of gold. 

Solvents for gold. — Gold is scarcely affected by nitric, sulphuric, 
and hydrocliloric acids, but it is dissolved by aqua regia — Le. a mixture 
of nitric and hydrochloric acid — or by a mixture of hydi’ochloric acid 
with an oxidizing agent which liberates chlorine; by water containing 
the halogens chlorine, bromine, or iodine in solution ; and by solutions 
which can generate the halogens. The action of aqua regia on gold is 
sometimes represented in symbols : Au H- HKO 3 + 3HC1 = AuCls 
-r NO -r SHgO. The alchemists were wont to represent the dissolution 
of this metal by some fierce animal devouring the sxm or Apollo — Eig. i. 
Gold is attacked by boiling ferric chloride solutions, hot selenic acid, 
telluric acid with sulphuric or phosphoric acid, alkaline sulphides and 
thiosulphates, perchlorates, perbroniides, and periodides of the metals, 
iodic and j^eriodic acids with hot sulphuric acids, and by reacting sub- 
stances which give large quantities of oxygen — manganese dioxide or 
potassium permanganate or nitric acid with sulphuric acid — and aqueous 
solutions of potassium cyanide when exposed to the air. Gold is not 
appreciably attacked by solutions of the alkalies. The freezing point of 
a solution of gold in mercury con’esponds with a monatomic molecule Au. 

Atomic weight. — ^Analyses of gold chloride, gold bromide, and some 
of the aurates furnish values for the combining weight between 197*05 
and 198*25 ; the best representative value appears to be 197*2. This 
number probably represents the atomic weight judging from the iso- 
morphism of the silver, cuprous, aurous, and sodium salts ; and from 
Dulong and Petit’s method of approximation — specific heat of gold, 
0*0316. 

Uses.— British gold coinage contains 9T66 per cent, of gold and 8*33 
|>er cent, of copper. This is called sterling or standard gold. The gold 
coins usually have 7-8 per cent, copper, and the remainder is silver. Gold 
alone is too soft to withstand wear and tear. The gold coinage of Sydney 
mint has the same amount of gold, but silver is used in place of copper, 
so that the Sydney sovereign is greenish-yellow. The amount of gold 
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in alloys is usually expressed in terms of tlie camL Here, 1000 ])arts are 
divided into 24 equal parts. Pure gold is 24-carat gold. O’lic sovereign 
is a 22-Garat alloy because it contains 22 parts of gold per 2 parts of other 
metals. The standard gold alloys recognized by law are 22-, IS-, 15-, 12-, 
and 9- carat, or parts of gold per 24 parts of alloy. Ware made b\' these 
standard alloys can be “hall-marked.” American gold coinage has 90 
per cent, of gold and 10 per cent, of copper. 

S 7. Gold— Extraction and Refining. 

The old historian Strabo tells us that the ancients washed gold down from 
the hills by torrents of water, and received it in sieves and shce])sldns. 
This is supposed to foe the source of the mythical expedition of the 
Argonauts under Jason in quest of the golden fleece. The clumsy 
methods of extraction by individual workers were more or less hit or miss, 
since they were successful in dealing with comparatively rich patches. 
Gold mining was therefore more or less of a gamble. To-day it is a care- 
fully organized industry with approximately the same output from clay 
to day. 

Washing processes. — ^The amount of gold in a ton of ore is small, and 
in consequence, relatively large quantities of ore have to be treated. Gold 
is separated from alluvial gravel by mechanical washing. The specific 
gravity of gold is so much greater than that of the associated materials, 
that, when the mixture of sand and gravel is agitated with water in large 
jjans or “ cradles,” and the rocky matters floated off, the fine particles of 
gold remain on the bottoms of the cradles as “ gold dust ” — panning 
or pan washing. This primitive method of washing has been replaced by 
placer mining, in which the sand containing the gold is agitated in sluices, 
that is, in long flumes or troughs with transverse cleats along the bottom, 
and through which powerful streams of water flow. The water sweeps 
awaj^ the sand, and the heavier gold collects on the bottom of the sluices. 
In hydraulic mining, v-ater under high pressure is directed against the 
“ earth ” containing the gold. The “ eai'th ” and gold are washed into 
the sluices as in placer mining. Dredging is also used for, say, river- 
bottoms in order to get auriferous sands into sluices. In vein mining, 
the gold-bearing quartz is mined by blasting, etc. ; the quai’tz is crushed 
to fine povder in stamper mills, and the gold extracted by one of the 
following processes : 

Amalgamation process. — The powder from che stamper mills is ground 
in the so-called tube-mills — z,e, revolving cylinders lined with quartz 
blocks, and containing flint or quartz pebbles. The ground ore is floated 
as a “ slime ” in a large trough through which water is continually flowing. 
The slime then runs over copper plates amalgamated with mercury and 
kept in constant motion— The particles of gold amalgamate 
with the mercury. After some time the plates are scraped. Tlxe mercury 
is squeezed from the scrapings, and separated from the amalgam by dis- 
tillation. Gold remains behind in the retorts. This is then fused and cast 
into ingots to be subsequently refilled. ; Some gold still remains in the 
slimes, tailings, or haitery puljp which have passed over the copper plates, 
and can usually be protobiy treated , by the cyanide process, and more 
gold extracted. 


a 
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Chlorination process* — Gold can be extracted from pyrites by the 
chlorination process* The ore is first roasted^ then wetted, and exposed 
in revolving barrels to the action of chlorine gas. The gold forms auric 
chlori<le, AnOlg, \vhicii is extraeded by water, and precipilatod from the 
solution by ferrous sulphate, or by hydrogen sulphide — ^followed by 
roasting of the precipitated sulphide. ■ 

Cyanide process. — The powdered ore is leached with a dilute aqueous 
solution of potassium cyanide (0*25 to 1 per cent.) while freely exposed 
to the atmospheric air. Under these conditions, gold is dissolved as 
a double cyanide : dAu -r 8K€y -h SH 2 O -f Og =. 4KOH. -h, .dEAuGyg., 
Gold is precipitated from the solution either b,y the addition of zinc 
shavings : 2KAuCy2 d- = E: 2 ZnCy 4 -h 2Au ; or by electrolysis. The 
gold is collected as" a compact mass by fusion with sodium carbonate and 
charcoal 

GoU Befimng.. 

OoM is refined by one of the following processes : 

1. Electrolysis. — The anode is the alloy to be purified ; the electro™ 
lytc is a solution of gold chloride in hydrochloric acid, and the cathode is 
pure gold. On electrolysis, fairly pure gold is deposited on the cathode, 
silver forms silver chloride wMci remains as a deposit about the 
anode. 

2. Cupellation processes,— -Gold is alloyed with an easily oxidizable 
metal, say, lead. The alloy of lead and gold is heated in a stream of air 
in a furnace with a shallow hearth made of bone ash. The lead is 
oxidized to litharge, PbO,. which is then partly blown from the surface 
of the molten metal, and partly absorbed by "the bone ash. When the 
gold ap})ears as a bright disc, the operation is stopped and the gold removed, 
if silver be present, silver, and gold remain alloj^ed after the operation, 
and they must be separated by some other process — ^say ‘‘ parting with 
sulphuric acid.” 

3. Farting with sulphuric acid. — In the old process of parting silver 
and gold, known as quartation, an alloy of gold and, silver, containing 
less than 2d per cent, of gold, • was treated with nitric acid. The s,ilver 
dissolved as silver nitrate, and the gold remained behind unclisvsoived as 
a brown powdeu'. Parting with sulphuric acid is cheaper. Here th.e alloy 
is boiled with concentrated sulphuric acid, then v/ith 'nitric acid. The gold 
is not attacked, and it remains behind as a brown porous mass. This is 
washed, dried, and fused into a compact mass ^vith sodium carbonate 
and ohsffooal* 

§ B. Colloidal Gold and Silver. 

I! a ?iohition containing O’Oi to 0*001 per cent, of gold choride be 
made slightly alkaline by the addition of magnesia, and then a few drops 
of a reducing agent — ^formaldehyde, oil of tiupcntine, aqueous solution 
of acetylene, solution of phosphorus in carbon disulphide, carbon monoxide 
gas, sodium hyposiilpMte, ^ etc.— be added, the solution will 

probably acquire a ruby-red.' colour. Metallic gold is present in the 
form oi minute particles which do not settle under the influence of gi'avity, 
and conscx|uently reniain suspended an indefinite time, and the solution 
can be filtered thi’ough paper unchanged The solution is sometimes 
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called Faraday’s gold* because it was studied by M* Faraday in 1857. Tlie 
gold is in colloidal solution because the clear solution a.ppears opalesccait 
by TyndalFa optical test, and the particles can be peiceived by tbe ultra- 
microscope. SiniilaiiV, by the action of certain reducing agents on. Holrible 
silver salts, Carey Lea (1887) obtained coloured solutions coniaining 
colloidal silver from which finely divided silver was obtained coloured 
golden-yellow, ruby, blue, etc. 

The metaliio gold can be removed from its colloidal solution ]>y slmkirig 
the solution with preeiiritated aluminium hydroxide, sta.nnic hydroxide, 
barium sulphates The deeoiorization here resembles the decoloration 
of coloured solutions by shaking them with recently ignited charcoaL Tiie 
gold is absorbed by tlie precipitating agent. Animal charcoal, if shaken 
with the solution, adsorbs the gold. The addition of elecjtrolytes — acids, 
neutral salts, and alkalies — changes the red colour to blue, then violet, 
and then black. This is due to the coagulation of the particles of gold 
into clots. The gold then settles to the bottom of tlui Buid. 

When an insoluble precipitate is formed in the absence of electro- 
lytes by a reaction between two chemical compounds, it is almost 
always in the colloidal condition. Thus if aqueous hydrogen sulphide 
be added to a solution of arsenious acid, a turbid judiow solution of colloidal 
arsenic sulphide is formed : 2 H 3 ASO 3 -b AsoS^ + OHoO. If the 

precipitate be made by adding an aqueous hydrogen sulphide to a solution, 
of arsenious chloride, a coagulated precipitate of arsenious sulphide is 
formed. In the iattc^r case, hydrochloric acid is produced by the reaction : 
2 ASCI 3 -j- AsoSg + 6 HCL If some hydrochloric acid be added 
to colloidal arsenic sulphide formed as just indicated, the suspended colloid 
is at once coagulated and precipitated. These facts illustrate a princijile 
of great importance in quantitative analysis where successful wnrk depends 
upon the formation of an insoluble precipitate wliich can be easily washed 
free from absorbed mother liquid. When a colloid is precipitated by an 
electrolyte, as when aluminium and ferric hydroxides are precipitated by- 
ammonia in the presence of ammonium chloride, the salt, ammonium 
chloride, coagulates the colloidal hydroxides into, the gel condition. During 
the washing of the gel precipitate, the gel passes into .the sol condition, 
because the coagulating salt is removed by washing. Hence a solution of 
ammonium .nitrate is used for washing aluminium and ferric hydroxide 
precipitates ip order to keep the colloid in the coagulated or gel condition, 
the ammonium nitrate is driven off during the ignition of the hydroxides. 
Gel colloids are said to be reversible colloids when they can be converted 
into the soi condition by restoring the original conditions, e.g. by w'ashing 
out the coagulating electrolyte from precipitated aluminiiun hydroxide. 
On the other hand, irreversible colloids cannot be reconverted into the 
sol condition once they have passed into the gel condition, stannic 
hydroxide, gold, etc. 

Purple of Cassius, — If a mixture of stannic and stannous chlorides be 
added to a very dilute solution of gold chloride, hydrated stannic oxide 
is precipitated and the gold chloride is reduced to the metah The 
precipitate of stannic hydroxide may have tints varying from red to violet 
according to the concentration and composition of the solution. This 
precipitate is called purple of Cassius bectoe A. Cassius wTote a pamphlet 
— entitled De Auro — doseribing its preparation in 168S, The mode of 
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making substance was known to B. Valentine in 1603 ; and to J. R. 
Glauber, 1660. It ^Yas used at that time for colouring glass and enamels. 
The colour of purple of Cassius is due to the precipitation of finely divided 
gold on the stannic hydroxide. Similar colours arc made by precipitating 
gold on magnesium, calcium, and barium hydroxides, barium sulphate, 
zirconium oxide, alumina, lead sulphate, and ciuna clay. Purple of Cassius 
remains as a residue when alloys of gold, and tin with a large excess of silver, 
are treated with nitric acid ; and when a gold-tin alloy is vaporized in air. 
The tin burns to stannic oxide, and it is at the same time stained by the 
condensation of the vapour of metallic gold. The old view that purple of 
Cassius is a compound of tin oxide and aurous oxide has been abandoned. 
If our opinions w'ere determined by the authority of published papers, 
about twenty have concluded that purple of Cassius is a compound of gold 
and an oxide of tin, and seven that it is a mixture of stannic oxide and 
metallic gold. The twenty chemists just indicated were not able to‘ agree 
as to the composition of the alleged compound; the analyses range beWeen 
24 and 79*4 per cent, of gold ; between 20*6 and 76*0 per cent, of stannic 
oxide ; and betw*een 0 and 14*3 per cent, of winter. The composition, in 
fact, varies witli the conditions under which it is made. If what are known 
to be colloidal gold and colloidal stannic oxide are mixed together, the 
product is the same as that prepared by the usual process. A ‘‘ purple 
of Cassius ” has been prepared with platinum in place of gold. 

§ 9. Copper, Silver and Gold — Oxides and Hydroxides, 

The three monoxides CugO, AggO, and AugO, are here indicated in the 
order of their stability. Cuprous oxide, CugO, is the most stable of the 
copper oxides. It is formed by heating copper or copper oxide in air to 
a high temperature ; silver oxide, , Ag20, decomx)Oses between 250® and 
300®; and aurous oxide, Au^O, decomposes at about 250®. Similar 
remarks apply to the hydroxides. The heats of formation of copper and 
silver monoxides are : CugO, 40*8 Cals. ; AgoO, 5*9 Cals. In spite of the 
fact that silver oxide is decomposed at a red heat, silver appears to unite 
with oxygen to form Ag20 at about 1400®, and unless very rapidly cooled, 
it will decompose at the lower temperature. This phenomenon is con- 
nected with the inversion of the thermal value of reactions at elevated 
temi>eratures previously discussed. When cupric oxide is reduced by an 
excess of hypophosphorous acid, the reddish brown sponge-like mass wliich 
mmsim when all the acid is decomposed is supposed to be cupric hydride ; 
the ratio of copper to hydrogen in the analysed product agrees with the 
empirical fo^mul^B CuHa, When washed free from acid and boiled, it 
changes to a chocolate- bro to powder. When heated in air above 100®, 
it is virliually unchanged until the temperature suffices for the oxidation of 
the copper. It dissolves in warm concentrated hydrochloric acid with the 
evolution of hydrogen, the reaction is not so vigorous as the analogous 
effect with cuprous hydride, and it forms a cupric salt ; cuprous hydride 
forms a cuprous salt. Cupric hydride alone is a moderate reducing agent, 
but when used in conjunction with zinc or other reducing agents — e,g, 
^^yP^P^i^sphorous acid — ^it acts as a powerful reducer. 

A series of well-defined salts cprrespnding with Agfi are known — 
silver nitrate, AgNO^ ; silver sulphate, AggSO^, etc. With tlie exception 
of silver carbonate, AggCOs, tihese salts do not appear to be hydrolyzed 
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by water. Cuprous sulphite and cuprous thiosulphate — C’iuSO;j and 
OiuSoOa — are itnowii ; cuprous sulphate, CuoSO,j, ])rol>abiy **exirits in 
aqueous solution of cupric sulphate in the presence of nielallic copper : 
Cii “I" OuSO.j^CiuSO^. This action, however, must be very sli.uht at 
ordinary temperatures, but in the case of ammoniacai solutions, a cobrnr- 
Icss crystalline salt, Gu2SO4.4NH3,H20, has been isolated. If metliyl 
(or ethyl) sulphate, (01-13)2804, be brought in contact with cuprous oxide, 
in the absence of water, at 160 °, cuprous sulphate is formed : (01:13)2804 
"i" GuoO — CuoSOi -r (0113)20. The salt is washed with ether, and dried 
in vacuo. Cuprous sulphate is a greyish white powder, and is fairly 
stable if moisture be absent. With hydrochloric acid, cuprous chloride, 
Gu(ill, is formed ; with dilute nitric acid, cupric nitrate; and with sulphuric 
acid, cupric sulphate; and aurous oxide, AuoO, like cuprous oxide, 
exhibits iittle tendency to form salts. Aurous siilidiite and aurous thio- 
sulphato have been reported, but they are probably solutions of colloidal 
gold reduced by sulphur dioxide or by thiosulphate. 

Cuprous oxide is precipitated when an aqueous solution, of an alkaline 
cuprous salt is reduced by glucose or by an arsenite ; and it is also pre- 
cipitated as a yellow powder when an alkaline hydroxide is added to 
a cuprous salt. Silver salts under the same conditions give a chocolate- 
brown powder which is somewdiat hydrated. It is not silver hydroxide, 
.AgOH ; but is probably argentous oxide, Agfi* It is slightly soluble in 
water (one part of the oxide dissolves in nearly 3000 parts of water) ; the 
solution has an alkaline reaction and metallic taste. Silver oxide de- 
composes when w- armed ; the action is reversible, 2Ag20 ^ Oo H- 4 Ag. 
There are two solids and one gas, and the system by the jihase rule thus 
resembles the decomposition of calcium carbonate by heat. The pressure 
of the oxygen in air is about 152 mm. and the dissociation pressure of silver 
oxide decomposing in a closed vessel at 121 ° is nearly 152 mm. Hence, 
silver oxide will decompose completely if heated in air above that tempera- 
ture, and below that temperature silver will oxidize in air. The rate 
of oxidation in air is, however, extremely slow unless a catalytic agent be 
present. Silver oxide is reduced by hydrogen peroxide to metallic silver, 
and it rapidly oxidizes sulphur, red phosphorus, arsenic sulphide, and 
antimony sulphide, often wdth incandescence. Both silver and copj»er 
monoxides — AgoO and CuaO— when precipitated by ammonia, are soluble 
in an excess of the reagent. On standing, the silver oxide solution deposits 
black shining crystals of fulminating silver, which is explosive, 
imrticulaiiy when dry. It is often stated to be silver nitride, AggN. 
Aurous hydroxide, AuOH, is said to bo formed wdien a dibit e solution of 
potassium hydroxide is added to aurous bromide. The vioiet-brown 
fmioured solution may contain aurous oxide in colloidal suspension. The 
coagulated powder is decomposed by hydrochloric acid, and is slightly 
soluble in water and in alkalies, but most of the precipitate appears to be 
metallic gold, A cold solution of gold in aqua regia is poured into a solu- 
tion of sodium hydrocarbonate as long as the yellow solution is slightly 
alkaline. The colour becomes brown, on warming, and a light flocculent 
precipitate separates. This is filtered and washed with water ; it is then 
dried at 110°, and is washed with cold concentrated nitric acid to remove 
the more soluble gold sesquioxido. The residue, after washing with water 
and drying, is considered to be a mixture of aurous oxide and gold. 
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Cupric oxide, CuO, is formed as a black iij'-groscopic powder when 
coppcj; i;s lieated in air or in oxygen, or by the calcination of copper nitrate, 
carl.)Oiiate, or hydroxide* When heated to a high temperature, cupric 
oxide cakes, fuses, and decomposes, giving a mixture of cuprous and 
ouj>ric oxides and hnaliy cuprous oxide* Cupric oxide, when heated, is 
reduced to the metal by reducing agents — hydrocarbons, carbon monoxide, 
bydi’ogon, etc. When an aliialine hydroxide is added to a cold solution 
of a cupric salt, pale blue cupric hydroxide, €u(OH)2, is precipitated* 
If the lirpiid bo boiled, a black substance is formed, possibly a mixture of 
('u( 0H)2 and CuO. It is difficult to wash a-way the alkalies from the blue 
precipitate. Boiling water converts it into cupric oxide. The blue pre- 
cipitate is shghtly soluble in an excess of alkali, forming a blue solution. 
Tile solution of cupric hydroxide, Cu{OH)2, in aqueous ammonia is called 
Sekweibers reagent It dissolves cellulose (cotton %vool, filter paper, 
etc.). A ceilulose-iilie substance is reprecipitated when the solution is 
acidihed with hydrochloric acid. 

Auric oxide, AuaOg* — Silver has been reported to form an oxide corre- 
sponding with cupric oxide. When a solution of potassium hydi‘oxide 
is added to a boiling solution of gold chloride a browm powder — auric 
oxide, AU0O3 — is precipitated. If the solution is cold, an orange-coloured 
precipitate of auric hydroxide, Au(OH)3, separates. This is dehydrated 
at 10D°, forming AuO.OH ; at 160^ a dark chestnut-brown auro-auric 
oxide, AuO, is formed ; and finally auric oxide, AiigOg. At 250° auric 
oxide deconiposes into its elements. Auric hydroxide is soluble in an excess 
of alkali, forming a complex salt, potassium aurate, KAuOs, which is pre- 
cipitated by the addition of nitric acid. The aurates are crystalline salts 
somewhat unstable, and soluble in water. Auric oxide is almost always 
acidic, and hence it is sometimes called auric acid. Under special con- 
ditions it shows feebly basic properties, forming unstable oxy-acid salts lilie 
auric nitrate, Au(N03}3; and auric sulphate, AurtfSO^jg. The oxide 
AuO Is supposed to be an aurous aurate- — Au.AuOg. Auric oxide, AugOg, 
dissolves in hydrochloric acid, forming a complex acid — hydrochioroauric 
acid, HAuCH — ^wdiich forms a series of complex salts, chloroaurates. Tlie 
chloride AuOIg is supposed to be aurous chloroaurate, Au.AuCi4, When 
a solution of gold chloride is treated with ammonia, a yellow" precipitate 
of explosive fulminating gold is obtained. Its molecular composi- 
tion is somewhat uncertain; its empirical composition is said to be 
AuNgHgJHgO. 

Copper is said to form a copper quadranto-oxide, Cu^O, according to 
Rose, when an alkaline solution of cupric chloride is reduced with an alkaline 
stannous chloride ; and silver is said to form silver quadranto-oxide, Ag40, 
when silver citrate is reduced in a current of hydrogen at 100° ; extracted 
with rrater; and treated with potassium hydi’oxkle. The evidence is 
indecisive. Gold, apparently, does not form a similar sub-oxide, although 
some say that Au^O exists. The evidence is indecisive, and the alleged 
suboxides may be mixtures of the respective metals wuth higher oxides. 

Copper dioxide, CuO^.- In 1844 Kriiger attributed the red colour of 
the solution produced by the action of chlorine gas upon cupric hydroxide 
suspended in potassium hydroxide to the presence of an unstabie copper 
peroxide. The solution rapidly decamposes, liberating oxygen and 
precipitating cupric oxide.. ; Cupric dioxide is formed as a yellowish- 
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brown powder \ilieii a dilute solution of hydrogen peroxide acts upon 
cupric hydroxide. The pjroduct prepared in atpieoirs solution is a]^\ays 
iinpiare owing to hydrolysis, and ethered alcoholic sojiitions are preferred. 
Tiie conipound is obtaixied by mixing hydrogen dioxide and a solutioii of 
cupric chloride cooled to — 40'^ or — and adding alcolioiic potassium 
hydroxide. The precipitate is washed with a mixture of alcohol and etlier 
at — b0'\ The compound is also made by the action of hydrogen dicsxide 
at a low temperature on copper hydroxide suspended in aleohol, or by the 
action of an ethereal solution of hydrogen dioxide upon finely di vided 
cupric hydroxide at a low temperature. The compound is unstable, 
and wiien treated with dilute acids it gives a cupric salt and hydrogen 
peroxide. Hence it is probabty a superoxide. In addition to the oxides 
already mentioned, copper has been reported to form CugO and 
but the evidence is inclecisive. 

Silver peroxide, Agj>02. — The black powder which collects at the anode 
when silver nitrate is electrolyzed is considered to be silver pernitrate, 
AgNO^, or a mixture of this with silver peroxide. The product soon 
decomposes, forming a silver peroxide. When dissolved in acids, silver 
peroxide gives oxygen or ozone ; and when slowly acted upon by water 
it gives hydrogen peroxide : Ag^Oa + H^O = Ag./) "[•- H^Og. Hence 
Mendeleeff w^ould consider it to be a superoxide ; Ag — 0 — 0 — Ag. Silver 
peroxide dissolves in aqueous ammonia with the evolution of nitrogen : 
SAg^Oa 4* 2.NH3 = ^AggO 4 3H3O 4 Gold does not give a peroxide. 
When xjotassium persulphate reacts with silver phosphate, argentic oxide 
with the ultimate composition AgO is formed. This does not give hydrogen 
peroxide with acids, and it appears to be a basic oxide resembling cupric 
oxide, CuO. The same oxide seems to be formed when silver is used as 
anode in the electrolysis of water in an alkaline solution. If the solution be 
acid, a silver sesquioxide, Ag203, is said to be formed. 


§ 10. The Family Relationship of Copper, Silver, and Gold. 

The properties of the compounds of an element in two dih’erent states of 
oxidation differ absolutely from one another ; and in these two states the 
element ajipoars in two entirely different roles. — J. Locke, 

These three elements are generally classed together in so-called syste- 
matic chemistry,” and they are furthermore considered to be related with 
the alkali metals. The copper group of elements is generally linked witli 


Li 

1 

Ka 


the alkali metals by the scheme indicated in the margin, which 
starts with the elements with the lowest atomic weights. 

The fault witli the scheme is that it makes the relationshix> 
appear far closer than is indicated by known facts. If we 
recall the relationship between the members of, say, the alkali 
metals and the halogen families, the relationship between the 
individual members of this so-called family and with the alkali 
metals is strikingly obscure. The student might well inquire 
■why these elements are grouped together at ail, and cogent 
reasons might be urged for grouping gold ,with platinum, silver 
with palladium, and copiier with, mercury. The reason wby this is not 
done will ajjpear when we take a general survey of all the elements. 
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Retoriiirig to the elements copper^ silver, and gold, the pli^^sical properties 
niay be tabvdatcd : 


Table XXVII.-— Physical Phopbrties of Copper, Silver., and Gold. 


— 

Copper. 

Silver. 

Gold. 

Atomic weight 

63-6 

107*88 

197*2 

Specific gravity 

8-93 

10*49 

19*205 

Atomic volume 

i. ■ 7-07 

10*29 

10*11 

Moiling point 

; 1083-0° 

058-0° 

1063*0° 

Boiling point. 

1 : 2310° ' 

1955° 

2200° 

l.atenl boat of fusion (cals.) 

j- ■ 4-3 

24*35 

10' 3 

Hpoeifie heat- 

i 0-0S6 

1 ■■ 

0-055 

0*030 


In malleability, cluctility, and tenacity, silver is interinediate between 
copper and gold. While the large atomic volume of the alkali metals 
was associated with the great chemical activity and affinity for oxygen, the 
low atomic volume of these elements is related with their weak affinity 
for oxygen, etc. Chopper, for instance, is alone oxidized in air. The oxides 
of copper, silver, and gold are easily reduced, while the oxides of the alkali 
metals are reduced with great difficulty. The reduction of copper, silver, 
and gold by magnesium is the more energetic the greater the atomic weight 
of the metal — cuprous oxide reduces easily ; silver oxide reduces with 
explosive violence, and gold oxide breaks down into its constituents below 
the ignition point of magnesium. Silver appears to be uni-, bi-, and 
ter- valent, but copper is both uni- and bi-valent, and gold is uni- and 
ter-valent. Hence these three elements have univaiency in commom 
with the alkali metals. Cupric salts are isomorphous with iron, cobalt, 
and nickel. The isomorphism of the silver and sodium sulphates and 
selenatcs indicates a relationship of some kind between silver and sodium. 
The alkali halides, like silver chloride and bromide, crystallize in the 
cubic system— -silver iodide ciystaliizes in the hexagonal system, and the 
crystals pass into the cubic system at about 146° — on cooling the reverse 
change takes place — sometimes with explosive violence. Silver seems 
to be related with copper through argentic oxide, AgO, where silver 
appears to be bi- valent ; silver pyridine persulphate, Ag2S20g.4Py, is 
isomorphous , with the analogous copper pyridine persulphate, CuS^Os. 
4Py ; with gold, through silver sesquioxide, AgoOg ; with the alkalies 
through argentous oxide, AggO ; and with the magnesium family through 
mercury. The more salient differences 1}etween copper and the alkali 
inetals are : (1) The elements of the alkali metals have a small density, the 
other metals have a large density ; (2) the alkali metals do not occur free ; 
(3) the elements of the alkali metals are chemically active, the others not 
so ; (4) the haloids of the alkalies are all soluble in water, and are not 
hydrolyzed by water ; copper and silver form sparingly soluble haloids, 
and the haloids of copper and gold, not silver, are hydrolyzed by water. 
(5) The oxides and hydroxides of the alkalies are strongly basic ; the oxides 
and hydroxides of copper aiid gold are feebly basic, and they accordingly 
form basic salts. f6) The alkali metals do not form complex salts, whereas 
copper, silver, and gold form many complex salts. 
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The remarkable difference between the cuprous and cujnic • 

wliereb}^ the foiiner make copper resemble silver, and the latter relate it 
to zinc, ferrous iron, and nickel— emphasizess very forcibly the fact that, the 
j)roperties of an element which forms compounds of a particular Miloncy 
bear no necessary relation with the properties of the same element vdiich. 
forms compounds with a diferent valency. This, says G. Martin, can 
only be because the element, in changing its valency, also changes the 
attractive force which it exerts on other atoms, both relatively and 
absolutely, and this causes a change in those chemical properties which are 
decided by those forces.’’ There must be something about an atom of 
sodium which differentiates it from an atom of silver and this in turn from 
an atom of chlorine, because under the right conditions the chJoj’ine will 
leave the sodium and unite with the silvei*. iSTow the chemical properties 
of an atom must be dependent upon the intensity of the force of attraction 
which the elements have for one another. And these forces must decide 
which elements will react with a given element, tlie stability and general 
character of the resulting compounds, etc. G. Martin (1905) has shovm 
that the more nearly alike the attractive forces of two elements A and B 
for a third element G, the more nearty will the compounds AC and BC 
resemble one another, and that the chemical similarity of dements must be 
determined not by their valency nor their atomic weigiits, but rather on 
their capacity for exerting an attractive force of the same or of propor- 
tional intensity. Assuming that the attractive forces are proportional to 
their heats of formation, Martin shows that the ratio of the heats of 
formation of the cuprous and silver halides are : 


[Cu, Cll 
[Ag,Cl] = 


[Cu, Br] 
[Ag,Br] = 


This is taken to mean that the attractive forces of the silver atom on the 
atom of clilorine and bromine are roughly proportional to those of the 
cuprous copper atom on the same elementary atom, and hence the elements 
are chemically similar. Comparing ferrous iron and cupric com|>ound in 
a similar way. 


[Cu, 0] 
[Fe, 0] ^ 


[Cu, Clg] 
[Fe, 


. = 0*63: 


[Cu, SeJ 
[Fe, Se] ’ 


which shows, says Martin, that the cupric atoms attract other atoms with 
a force ^vhioh is in proportion to that exerted by ferrous atoms, but only 
half as great. This shows ho%v cupric atoms have similar properties to the 
ferrous atoms, and different properties from the univalent silver atoms, 

"^1 It is curious to trace the kinship of monad mercury with silver. The 
f halides are remarkably similar. The two chlorides are white, the bromides 
' distinctly yellow, and the iodides yellow. The yellow mercurous halides 
are more intensely coloured than the con’esponding silver halides. The 
same remark applies to the nitrites and hyponitrites. The mode of fonna- 
tion of these salts are similar. Silver and mercurous nitrites (not the 
nitrates) appear to be the first products of the action of cold nitric acid 
on the metals. The chemical and physical properties of these salts are also 
anaiogousi In some complex merefirosp, or mercuric oxynitrates, silver can 
isomorphously replace monad mercury; Silver and monad copper can 
isomorphously replace one another in several salts, e.g. in some complex 
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thioeyanates and tMoHuIpIia^es, Monad mercury is closely related to 
sih’er, far more closely, indeed, than gold to silver. Hence P. C. R% 
(1014) has argued that gold should be displaced from this family and 
relegated to the piatiimin group, and that the natural place for monad 
mercury la alongside silver. 

Questions. 

1. Deseril)C the successive phenomena observed when ammonium hydroxide 
Hoiutiou 13 added, drop by drop, to a solution of cupric sulphate, and indicate by 
formidie or equations the nature of the changes which occur . — Massachusetts 
Fedytcchnic Inst^ VSM, 

2. — (f/) In the laboratory you passed dry hydrogen over copper oxide which 

was heabjd in a tube. How does this experiment illustrate an analytical reaction ; 
a synthetic reaction ; oxidation and reduction ? (h) If you started with an 

unknown iiiixtiiro of copper oxide and copper, say 10 grams, and after heating 
and passing hydrogen over it, the resulting weight of pure copper was 9*2 grams, 
how much of tlie original weight of the 10 grams wais copper oxide and how much 
was metallic copper ? — Worcester Poly technic, LhS.A. 

3. — (a) Sliow the analogy between the reactions of ooppei* on nitric acid and 

copper on suljihui'ic acid, {b) What products are formed from the concentrated 
sulphuric acid when the latter is warmed with potassium iodide ? (o) ^\’‘ilat 

reason have you for thinking that no nascent hydrogen is formed in the reactions 
mentioned under (a) ? — Andiersi ColL, U.S.A, 

4. It is desired to obtain pure copfier nitrate, the only source of copper at 
hand being a complex solution of lead, cadmium, copper, and mercurous nitrates. 
Using this solution as the source of the copper, how may a new solution of copper 
nitrate be prepared ? — Masmehtbsetts Inst, of Technology, U.S.A. 

5. An unknown quantity of potassium bromoaurate, KAuBr^, on being heated, 
left 9' 9245 grains of a mixture of metallic gold and potassium bromide. The mass 
on being treated with water left 6*18997 grams of gold. The solution of KBr 
required 3*38540 grams of silver for total precipitation by Stas" method, and 
afforded 5*89143 grams of silver bromide. These data afford throe independent 
values for the atomic weight of gold, wdiich you are reauirerl to calculate 
(K 39*03 H == 1 ; a iS‘96 j Br 79*76 ; Ag == i07*66).~to*ence and Art 
BepU 

6. What takas place when hydrogen is passed over red hot copper oxide ? 
How htis this reaction been applied to determine (a) the composition of water, 
(6) the atomic weight of copper ? What special precautions must be observed 
in each case in order to obtain accurate results ? — London Univ. 

7. A chemical manufacturer gives out a kilogram of metallic silver to be made 
into silver chloride j how much silver chloride ought to be returned by the work- 
man, supposing tile average'yield is 99*8 per cent, of the theoretical ? 



Fio, 160, — Imaginary Lines showing Chief Kogions of Volcanic Phenomena 
and Occurrence of Bulphur Deposits, 

districts, Iceland, Italy (Romagna, Marken, Tuscany, Campania, and 
Calabria), Sicily (chiefly on the southern watershed), Greece (Island of 
Milo), Russia, Austria-Hungaiy (Radpboj and Swoscowice), South Erance, 
Spain, Asia Minor, Persia, India, Palestine, Algeria, Morocco, Japan 
(Sulphur Island), New Zealand (White Island, etc.). United States 
(Louisiana, Oregon, Utah, Nevadi,: Wyoming, Texas), Mexico _ (Popo- 
catapetl). Chili, Peru, etc» These districts are on or not far from the 


CHAPTER XXII 

SULPHUE AND ITS HyDEOGEN COMPOUNDS 

Atomic weight, S = 32*07; molecular weight of solid, S3 = 256*56* ofvoponr 
at 3000®, 83 = 64 * 14 *^ Melting point of rhombic sulpluir, 112 ‘S®; monociinie 
sulphur, 110 * 2 ®; boiling point, 444*7®. Relative vapour density depends on 
temperature (air = i), 6*6 to 2 * 2 . 

§ 1. Sulphur — Occurrence and Preparation. 

The element sulphur has been known from the beginning of histmy. It 
is mentioned in the Bible and in Homer. It was placed among the elements 
by Lavoisier, but for some time previously it was regarded as ''the 
principle of fire.” The name is derived from the Sanscrit sulveri through 
the Latin sidphtirmm. 

Occurrence. — Sulphur is widely distributed in nature both as free and 
as combined sulphur. Deposits of free or native sulphur occur in volcanic 
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There arc two main types of native siilpluir : (1) The solfatmic type ^ 
found in lava fissures and in extinct volcanic vents (Japan, Mexico). 
Deposits of this type are foiining at the present day in volcanic districts 
from the mutual action of hydrogen sulphide and sulphur dioxide which 
occur among volcanic gases. The water from a sulphur spring at Kriswoik, 
Iceland, is said to be ejected with a hissing noise to a height of 5-8 ft. 
and to be accompanied by steam impregnated with suipliur dioxide and 
hydrogen sulphide. The" water subsequently deposits sulphur, and in 
inany places the surface of the ground has a crust of sulphur 2-3 ft. thick. 
This" was at one time collected and exported. (2) The gypsum type. 
Tiie sulphur appears to have been liberated from gypsum by the reducing 
action of bituminous matters found associated -with the gypsum. Calcium 
sulpliide is probably formed from the sulphate ; and this, by the action 
of water and carbon dioxide, forms sulphur, calcium carbonate and hydrogen 
sulphide. The Sicilian deposits and perhaps the more important sulphur 
deposits are of this type. 

Sulphur is also a product of the life action of certain bacteria — Beggiaioa alba 
and Chromatium OkeinL Just as plants and animals derive energy and heat by 
the oxidation of earl^on, so do these bacteria appear to get their energy and heat 
by the oxidation of sulphur. It is estimated that 25 per cent, of their body is 
sulphur. These bacteria can oxidize hydi’ogen sulphide to sulphuric acid, and an 
intermediate stage of the oxidation process is the change of hydrogen sulpMde 
to sulphur which is stored inside the cells. The members of another variety of 
sulphur bacteria — the so-called thiobacieria — do not store sulphur internally ; 
but they oxidize thiosulphates to sulphuric acid. The bacteria theory of the origin 
of sulphur assumes that some sulphur beds have been formed by these organisms. 

Many important metallic ores are sulphides, that is, compounds of 
sulphur with one or more metals. Thus, galeiia (lead sulphide, PbS) ; 
zim blende (zinc sulphide, ZnS) ; cinnabar (mercury sulphide, HgS) ; 
stibnite (antimony sulphide, SbgSg) ; copper pyrites (CuaS, FegSg) ; iron 
pyrites (iron sulphide, EeSg), etc. Some important sulphates also con- 
tain vsulpliur, e.g. gypsum (calcium sulphate, CaS 04 ) ; heavy spar (barium 
sulphate, BaSO^), etc. 

Sulphur occurs in many organic compounds, and in animal and vege- 
table products : onions, garlic, mustard, horseradish, hair, many oils, 
eggs, proteids, etc. Hydrogen sulphide is found in the water of many 
sulphur springs. 

The extraction of crude sulphur, — A httie sulphur is obtained from, 
iron pyrites ; from the by-products in Leblanc’s soda process (q.v .) ; and 
from the spent oxide of gasworks (q.v.). Probably 90 per cent, of the 
sulphur used in the world comes from Sicily and Louisiana. The ‘ ' sulphur 
earth ” in Sicily occurs in lodes mixed with limestone and gypsum. The 
amount of sulphur in “ workable ” ore varies from 8 up to about 25 per cent. 
The sulphur is separated by heating the ore, and allowing the molten 
sulphur to flow away from the mineral impurities. This is effected by 
stacking the ore on the sloping floor, Fig. 161, of a circular kiln without a 
permanent roof. The kilns are called eaJmronL In stacking the ore, air 
spaces are left at intervals to serve for ventilation. The stack is covered 
-with powdered or burnt ore. The sulphur is ignited near the bottom. A 

^ Solfafcam— a volcanic vent or volcanic area wbieli gives off snlpburotis 
vai^ours, steam, etc., and winch probably represents the last stages of volcanic 
activity . , , 
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portion of the suiphur acts as fuel, and melts tlie remainder \vhieii coileels 
at the lowest point of the inclined bottom of the kiln. -After about live 
days, a plug at the lower end of the kiln is removed, and the sulphur is run 
into small wooden moulds. The opening is closed to be reopened day bt’ 
day until, in from three to five more days, the sulphur ceases tt.i liotv. 

About one-third of the suiphur is lost in the calcarone system of ex- 
traction. It is, however, cheaper to use the sulphur as a fuel than to im- 
port coal. The loss, hotvever, is excessive even then, and in consetpaence, 
the calcarone method is being displaced by more economical kihis — 
GilFs kilns — which are worked in sets. The products of eoinbustlon from 
one kiln pass into the adjacent Idln and there do some work before escaping 



Fig. 161 , — Calcarone or Sulphm* Kiln (Diagrammatic {Section). 


into the atmosphere. In H, Frasclds method (1891), UvSed at Louisiana, 
the sulphur is melted in situ. Pipes are driven into the sand and super- 
heated w^ater is forced into the lode. The molten sulphur collects in a 
central well from w^hich it is raised to the surface by compressed air. 

The purification or refining of crude sulphur. — ^The crude sulphur 
from the kilns — also called ‘‘ brimstone — is graded and put on the 
market. It may be aftenvards purified by distillation from a retort which 
opens into a large brickwork chamber. The sulphur vapour condenses in 
the chamber. The first lot of vapour sublimes as a light powder on the 
walls. The powder is called flowers of sulphur. As the condensing 
chamber gets hot, the condensed sulphur melts and collects on the floor 
as a liquid which is drawm ofi from time to time and cast into large wooden 
moulds — rook sulphur ; or in cylindrical wooden moulds — roll stdplmr. 

Uses. — Crude sulphur is used in making sulphur dioxide for bleaching 
straw, wool, etc. ; for the manufacture of sulphites for bleaching wood 
fibres, etc. ; and for the manufacture of sulphuric acid. It is also used in 
making carbon disulphide. Purified suiphur is used in making gunpow^der, 
matches, colours, vulcanite, etc,; and also medicinally. Flowers of 
sulphur is used as an insecticide and fungicide. 

§ 2. Rhombic, Octahedral, or a-Sulphur, 

Ordinary sulphur is a pale-yeilpw brittle solid, without taste or smel. 
At — 50° the suiphur is almost cplourless. Sulphur is commonly found 
ill rhombic or octahedral crystals with a specific gravity vaiying from 
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2-03 to 2-06. It is a bad eondaotor of heat and electricitj'. If a stick of 
roll sulphur bo hold in the hand it begins to crackle and breaks owing to 
unequal expansion by the heat. Sulphur is practioally insoluble in water ; 
sparinglv soluble in alcohol and glycerhie ; more soluble in essential oils ; 
and rea'dily soluble in sulphur chloride, S^Cl^, benzoyl chloride, and 
carbon disulpliide, GS... For instance, 100 gi-ams of carbon disulphide at 0° 
dissolve 22 grams of sulphur ; at 20°, 41-8 grams : and at 40°, 100 grams. 
Benzoyl cliloride dissolves one per cent, of sulphur at 0°, and 55-8 per cent, 
at 134° ; above 136°, solvent and solute axe miscible in all proportions. 
If the solution in chloroform, benzoyl chloride, or carbon disulphide be 
allowed to stand at ordmaxy temperatures, cr 
as the solvent evaporates, 


*ystals' of ■ sulpimr ■ are-depositee!':' 
The appearance of the crystals is showi by the 
photograph. Fig. 162. '.. An; ideal; 

" ' I crystal is sketched in outline. 

. , , About 60 or 70 per cent, of 

’ , flowers of sulphur consists of 

crystals. Native sulphur 

B ' also occurs in .'this,, form. ' The 
crystals ■ are . ^uite stable at 
ordinary temperatures. This 
crystalline form of sulphur is 
called “a-suiphur,” ‘‘rhombic 

- sulphur,” or “ octahedral sul- 

phur.” Nearly thirty different 
crystalline modifications of the 
rhombic type of crystalline sul- 
phur have been reported, and 
this fact leaves us some mis- 
givings about the rigid exact- 
ness of R. J. Haiiy’s law (p. 206)o 
Sulphur unites with oxygen 
Fia 162.— Bhombic or a-sulphur. when heated in a,ir. If tho- 

roughly purified and dried, sul- 
phur may be distilled, without oxidation, in thoroughly dried oxygen. 
Sulphur in air ignites at about 363®, and at about 282® if heated in 
oxygen. The vapour of sulphur ignites at about 285® in air. Too much 
reliance shoifld not be placed on these numbers since they are largely 
dependent upon the conditions of the experiment, so that different ex- 
perimenters report widely different numbers. At 100® sulphur is oxidized 
in oxygen gas at a measurable rate. Oxidation, even at ordinary tem- 
peratures, can be detected. Finely divided sulphur oxidizes slowly in 
mokt air, forming sulphurous and sulphuric acids. Hence these two acids 
can nearly always be detected in commercial flowers of sulphur, while roll 
sulphur is almost free from these acids. Sulphur also unites readily with 
many metals, forming sulphides. Heat is usually required to start the 
ration. The ^ combination is often attended with incandescence. 
.Examples with iron and zinc have been indicated on p. 33. A strip of 
c^iper introduced into the vapour of sulphur enters into combination with 
vivid cmnbustion. Sulphur combines with carbon at a red heat, forming 
carbon disulphide — 03^ j ivith chlorine at the boiling point of sulphur : 




- - 
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§ 3. Mofioclinic, Prismatic, or ^-Sulphur, 

In 1823 E. MitscherHch amiounced ;the fact that the element sulphur 
can be ciystailizecl in two distinct forms ; and concluded that a substance, 
whether simple or compound, may assume two different crystalline 
forms, p. 214. If, say, 500 grams of sulphur be melted in a clay or porce- 
lain crucible and the mass ahowed to stand uiitii a surface crust" is foriued, 
beautiful long prismatic needledike crystals of wasy yellow sulpliur will 
be found to have grown on the wails of the crucible, and on the underside 
of the crust when the crust is pierced, and the still fluid sulphur is poured 
a-way. These inonocliiiic prisms of sulphur have many properties different 
from ordinary rhombic sulphur just discussed. The specific gravity, for 
instance, is 1*93, instead of 2*04; 
and the melting point is 109*2"' 
in place of 112*8"’. lihombic 
sulphur is soluble in carbon 
disulphide, and the monoclinic 
form is rapidly changed by this 
solvent to the rhombic form 
when it dissolves. The solu- 
bility of monoclinic sulphur in 
benzene, chloroform, ether, and 
alcohol is about i~3 times greater 
than that of rhombic sulphur — 
c,gr. in benzene at about 18°, 10 
o.c. of solution contains 0*2004 
gram of j8-sulphiir or 0*1512 
gram of a-sulphur ; and 10 c.c. 
of the alcoholic solution at 25° 
contains 0*0066 gram of ^3- and 
0*0052 gram of a- sulphur. Some 
crystals of monoclinic sulphur 
are illustrated in Fig. 163 along 
with an outline sketch of an ideally perfect crystal. This form of sulphur 
is called ‘‘ ^-sulphur,’* “ monoclinic sulphur,” or prismatic sulphur.” 

In about a day’s time, the monocKnic prisms become light yellow, 
opaque, brittle, and crumble into powder at the slightest touch. The 
grains of powder are small rhombic crystals of a-sulphur. If the rhombic 
crystals be kept a few hours between 108° and 112°, they also become 
opaque and change to a friable crumbling mass of monoclinic prisms. 
The two reactions are thus reversible. Experiment shows that the mono- 
clinic prisms are unstable below 94*5°, and slowly pass into the rhombic 
variety. The change is accelerated by wetting the monoclinic prisms with 
carbon disulphide, or by bringing the monpaHnic sulphur in contact with 
a crystal of the rhombic variety. Conversely, the rhombic sulphur is 
unstable above 94*5°, and slowly passes into the monoclinic variety. With 
the notation previously employed, the change is symbolized ; 

94 * 5 ®' 94 * 6 ® 

Hence, 94*5° is a transition temperature* , . , 



Fio. 163. — Monoclinic or jg -sulphur. 
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If a little sulphur be melted on a glass slide and allowed to cool gradually, 
monoelinic crystals. Fig. 163, first appear; as the temperature falls, these 
change to rhombic crystals. It is possible to regulate the temperature so 
that a certain amount of each form exists simultaneously, but on raising 
the temperature, the monoelinic crystals grow at 
expense of the rhombic crystals, and conyersely 
low^ering the temperature. 

The monoelinic crystals just indicated w^ere 

studied by E. Mtscherlich in 1823. There are, hmv- 

Fio. 164.— Nacreous varieties of monoelinic crystals with 

Suiphiir. ‘ angles somewhat different from the variety just indi- 
cated. In 1884 B. Gernez prepared w'hat he called 
soiifre naertb” nacreous sulphur— from the French 7iacr^, mother-of- 
pearl — as follows - 

Heat sulphur in a sealed tube with benzene, or toluene, carbon disuliDliide, 
alcohol, etc., ru that there is no undissolved sulphur in the tube when the tube is 
hot. Then immerse one end of the tube in a freezing mixture formed, say, by 
dissolving ammonium nitrate in cold water. I.ong nacreous flakes separate at 
the cold end of the tu!>c and gradually extend into the remaining solution. 

An ideal monoelinic crystal of nacreous sulphur is illustrated in Fig. 164. 
Similar crystals w'ere made by E. Mitscherlich in 1823 by the following 
method:--^ 

Saturate an alcoholic solution of sodium sulphide with sulphur ; filter off the 
dear reddisli coloured supernatant liquid, and, after adding a little more alcohol, 
let the solution stand for some time. Needle -like ciystals of nacreous sulphur 
grow from the surface of the solution. 

W. Muthmaim (1890) noticed that in preparing nacreous sulphur by the 
method Just indicated, hexagonal plates — tabular sulphur — sometimes 
separate from the solution when the temperature is about 5°, but not above 
14°. These crystals also belong to the monoelinic 
system. An ideal crystal is illustrated in Fig. 166. 
Although the three types of crystals just named belong 
to one system, the interfacial angles are not the same. 
Thus, the angle between two impoitant faces of one of 
Fia 165.— Tabular crystals depicted in Fig. 163 is 84° 14' ; with 

Sulphur. similar faces of the nacreous crystals, Fig. 164, 88° 13'; 
and with tabular crystals, Fig. 165, 75° 58'. 

The rhomhic crystals (Fig. 162) are sometimes called Muthmann’s Sj ; 
the monoelinic crystals (Fig. 163), Muthmann^s ; the nacreous crystals 
(Fig. 164), Muthmann^s ; and the tabular crystals (Fig. 165), 
Muthmann^s In addition to the crystalline varieties of sulphur just 
considered, tvro others, of no particular importance in our present study, 
have been reported, namely, G. Friedei’s iridinic sulphur (1879), and 
E. Engel’s rhomhohedral sulphur (1891), When an element or compound 
exists in two or more crystalline forms it is said to be polymorphous — 
from the Greek ttoXvs (polus), many . and (morphe), form. Hence 

sulphur is polymorphous. If a substance exists in tw ’'0 different crystalline 
forms, it is said to be dimorphous — ^from the . Greek Bis (dis), twice. 
Amniomum nitrate and calcium carbonate are examples. 
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, § 4. :Sulplmr and the Phase Rule, 

By plotting the vapour pressure curve of rhomhlc sul])hur at different 
temperatures, we get tile, curve POj, ' Fig. 166 similarly, by plotting the 
vapour pressure curve of monoclinic sulphur,- we get the curve ’OjOa ; this 
■ variety of sulphur melts at 120° however,, hy continuing the .vapour 
pressure curve of the Mquid, we get O^Q, By plotting the transition points 
of rhombic sulphur at different pressures, we get the curve ; and by 
plotting the melting point of monociinic sulphur at different pressures, we 
get the curve OgO^. Monoclinic sulphur cannot exist at pressures liigher 
than that represented by the point O3. The continuation of the curve 
O^N represents the effect of pressure on the melting point of rhombic 
sulphur. This diagram, Fig. 166, should be compared with Fig, 61 for 
water. In Fig. 166, we have the addi- 
tional complication corresponding with 
the two fprins of sulphur now under con- 
sideratior ,. The phase rule enables us to 
form a very clear idea of the conditions 
of equilibrium. When the condition of | 
the system is represented by a pressure g 
and temperature corresponding with one 
of thf; three triple points — O^, Oo, O3 — g 
the system is invariant, and any change § 
in temperature or pressure will lead to ^ 
the suppression of one of the three phases ; 
points on one of the curves PO^, OjOg, 

etc. — ^represent univariant systems ; „ 

and points in one of the three regions 
—PS, QO^N, NOJP — ^represent bivariant 
:iystems. It will of course be obvious that 1 66.— Vapour Pressure of 

,/w0 are here dealing with the one com- Sulphur (Diagrammatic). 

/ ponent sulphur, and four possible phases 

; — sulphur vapour and liquid, and rhombic and monoclinic sulphur — since 
^ an allotropic modification of an element is a true phase. Can al four 
phases exist under any conditions of temperature and pressure in a state 
of equilibrium? According to the phase rule, the variance of such a 
system will bel— 4 + This is an impossible value. Such a 

system would not be in a state of true equilibrium. The metastable states, 
or states of false equilibrium, are interesting. The QO^ and the POi 
curves meet at a point corresponding with the temperature 114*5°. This 
is the melting point of rhombic sulphur. If the transformation of 
rhombic to monociinic were very fast, it would be impossible to state the 
melting point of rhombic sulphurj because it would pass into the mono- 
ciinic form before a determination could be made. 

The upward left-to-right slopes of the curves and correspond 
with the fact that the melting point of sulphur is raised by increasing 
pressures. The converse was true in the case of ice, Fig. 61, and in con- 
sequence, the corresponding curve sloped the opposite wa}^ In illustration 

^ These curves are exaggerated in the dia^ajn. That, however, does not affect 
the principles under discussion. 



94’5ll4-5^/20‘' Temperature 
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of the principle of kHast actions -viz. an increase of pressure favours the 
progress of that change which occurs with a decrease in volumes M . Spring 
found that monocliiiie sulphur B converted bj" pressure into the denser 
rliombie form, for the decrease in volume wiiich occurs during the trans- 
formation tends to counteract the disturbing influence of pressure. Water, 
too, expands when it passes into ice, so that pressure changes ice into 
denser \?at©r. Pressure also changes black arsenic into denser gi’ey 
arsenic. Again, if a eompoiutd occupies a less volume than the Joint 
volume of Its constituents, the separate constituents may unite under 
pressure, and conversely. Hydrated arsenious sulphide, AS 2 S 3 . 6 H 2 O, is 
deconi])osed by pressure into water and arsenious sulphide. Powdered, 
dry alumina, silka, or ferric oxide do not unite under pressure, but they 
do so if wet, A solution usually occupies a smaller volume than the joint 
volume of solvent and solute taken separately. Hence solids usually 
dissolve with a contraction. When a w-et pow'der is compressed, the surface 
laj^ers of the grains dissolve ; when the pressure is relieved, the solute 
5 nay be rejected and form a kind of cement binding the mass together. 
Wet powders of potassium iodide, or ammonium chloride, do not cohere. 
In these carses the solids dissolve with an expansion and pressure which do 
not favour the formation of a solution. 

§ 5. Amorphous or Colloidal Sulphur,. 

Sulphur exists in at least two different colloidal or amorphous con- 
ditions in which no signs of crystallization can be detected under the 
microscope. The term amorphous is derived from the Greek without ; 

(niorphe), form. One of the amorphous forms is soluble in carbon 
disulphide, the other is not* If hydrogen sulphide be passed into a 
saturated aqueous solution of sulphur dioxide at 0 ® ; or if an alcoholic 
solution of sulphur be poured into water ; or if a saturated solution of 
sodium thiosulphate be mixed with twice its volume of concentrated 
hydrochloric acid, and cooled to 10 ^, colloidal, soluble, or B^sulphur is 
formed. 

Action of heat. — Sulphur is pale yellow at ordinary temperatures, 
and almost colourless at — 50°, and at 100° it is intense yellow. If a 
piece of ordinaiy rhombic sulphur be gradually heated in a test-tube, the 
sulphur crackles and falls to pieces as indicated above. As the temperature 
rises, the sulphur melts to a clear, limpid, amber-coloured liquid between 
11S° and 115° ; the colour darkens, and the liquid loses its mobility, until, 
at about 160°, the mass is almost black, and so viscid that the test-tube 
can be turned upside down without pouring out the sulphur. The vis- 
oosity reaches a maximum at about 180°, for as the temperature rises still 
higher, the dark colour remains, but the mass becomes more and more 
mobile until at 444‘7° the liquid begins to boil, forming a reddish orange 
vapour. If the liqtiid be allowed to cool, the sulphur undergoes the same 
changes, but in the reverse order, and very slowly. If the vapour be heated 
stiff higher, it become deep red at 600°, and straw-yellow at about 660°. 
Sulphur rawed in darkness appears phosphorescent when its temperature 
re^h« S00°, and ozone is fcraied at the -same time. , ' No signs of a lower 
oxide of sulphur, nor of an ionization, (ie, increased electrical conductivity) 
of the atmosphere is observed during the low temperature oxidation. 



SULPHl[JFv:;ilB;ITS/^im^ COMPOIMBS ... 470. 

Molten sulphur- A- and /^-sulphur.-— If sulphur, heated to about 
350^ , be poured mto cold water, a tough elastic material resembling 
indiarubber called plastic sulphur — ^is obtained. Plastic sulphur is 
also obtained by distiliing ordinary sulphur from a glass retort and aUowing 
the liquid sulphur, condensing in the neck of the retort, to flow into cold 
water. A long continuous thread of plastic sulphur is then obtained. The 
specific gravity of plastic sulphur is about 1*95, nearly the same as monoclinic 
sulphur ; but unlilie the crystalline varieties, this form of sulphur can 
be moulded between the fingers, and drawn into somewhat elastic threads. 
Plastic sulphur is a supercooled liquid which has been hurried past its 
crystallizing temperature and cooled solow'that it has formed a viscid mass. 
B cooled slowly, vii-tually the whole of the product is crystalline and soluble 
in carbon disulphide. The case is analogous with that studied on p. 198 — 
supercooled so^um thiosulphate. Plastic sulphur slowly crystallizes 
on standing. The change is accelerated by rubbing the mass, and is 
fairly rapid if the mass be heated to about 100°. The latent heat of 
solidification— corresponding with about 9*4 Cals, per kilogram— Is evolved 
when the plastic or supercooled sulphur crystallizes. Amorphous “ solids 
are in nearly every case to be regarded as supercooled liquids which 
have not taken up the stable crystalline condition. 

If a-sulphur be melted at a low temperature, and the pale yellow 
liquid be suddenly cliiiied, the crystalline product is almost completely 
soluble in carbon disulphide ; while, as indicated above, if the dark brown 
liquid which is obtained when sulphur is heated to a higher temperature 
be similarly treated, it forms an amorphous mass almost all insoluble in 
carbon disulphide. It is therefore inferred that molten sulphur contains 
a mixture of two varieties of sulphur — the pale yellow mobile fluid, called 
A-sulphur, and the dark brown viscid fluid called g-sulphur. When 
A-suiphur solidifies it forms crystalline a- or jS-sulphur soluble in carbon 
disulphide ; and when ^-sulphur solidifies it forms an amorphous plastic 
mass insoluble in carbon disulphide. The proportion of sulphide soluble . 
and insoluble in carbon disulphide in solidified sulphur depends on the 
relative amounts of Bx and Bfi present in the fluid at the time of solidifica- 
tion. The proportion of the two varieties in any sample of sulphur can 
be determined by extraction with carbon disulphide, making a small 
allowance for the very slight solubility of the so-called “insoluble'* 
variety. Experiment shows that there is a definite relation between the 
relative amounts of the two varieties present in a system in equilibrium at 
a definite temperature. Thus, molten sulphur at 114*5°, if suddenly con- 
gealed, furnishes a mass which contains the equivalent of 3*7 per cent, of 
jLt-sulphur, and 94*3 per cent, of A-sulphur. Ordinary plastic sulphur con- 
tains the equivalent of about one per cent., of A-suIphur and 99 per cent, 
of j^-sulphur. Ordinary rhombic sulphur has about 3*4 per cent, of the 
first variety, and it is estimated that if the latter were absent the melting 
point would be 119*25°, not 114*5° ; similarly with monoclinio sulphur, the 
melting point would be raised a couple of degrees. The proportion of 
sulphur appears to increase with rising temperatures, and for each tempera- 
ture there appears to be a definite equilibrium constant corresponding with 
the reversible reaction : 8^ ^ The system taies some time to attain 
equilibrium under any given conditioip. , The presence of air, sulphur 
' ^ A' trace of iodine retards th# : 
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dioxide, or iiydrogen chloride retards, while ammonia, nitrogen, carbon 
dioxide, iodine, or hydi*ogen sulphide accelerates the speed of the change. 
We may thus summarise the action of heat on the difeent forms of sulphur: 

94-5* 120® 160® 444‘5® 1000® 

Solid. Liquid. Vapour. 

The g“Tariety of sulphur is only sparingly soluble in sulphur chloride, 
and it separates in crystals when a hot solution is cooled, but if a solution 
of sulphur in sulphur chloride, saturated at ordinary temperature, be heated 
to 150'^ and then cooled, it djssolves much more sulphur. A. H. W. Aten 
(1912) considers this is due to the formation of another modification of 
sulphur which he calls ir-sulphur. Sulphur which has been heated to 170^ 
and rapidly coaled becomes more soluble in sulphur chloride and in toluene. 
This is supposed to be due to the formation of Tr-sulx^hur which in turn is 
believed to be identical with the “ crumbly sulphur ” described by Magnus 
{ 1856). iSohitions of this variety of sulphur are deep yellow (like potassium 
chromate solutions). When a carbon disulphide solution of this sulphur 
is evaporated in vacuo at — 80° the residual sulphur is almost wholly 
soluble in toluene, the insoluble residue is ju> sulphur. Solutions of A- 
sulphiir and of niixed A- and 7r-sulphur on exposure to light precix>itate 
/i-suipliur, but less rapidly in the latter than in the first-named solution. 

Amorphous sulphur soluble and insoluble in carbon disulphide. — 
Let slaked lime be boiled with water and sulphur for some time. After 


Table XXVTII. — Vableties oi' Sulphuk. (To face page 481.) 


Variety. 

Carbon 

disul- 

phide. 

Water. 

Sp, gr. 

Synonyms. 

/ Ehombic . . 

:'0 

Soluble 

Insoi. 

2-04 

Oet£ihedral S ; a-S * Muth- 
inann’s Si 

S Monoolinic needles 

Soluble 

Insol. 

1*93 

Prismatic S; /S-S; Muthmann’s 

Sii , 

Nacreous S ; Muthmann’s Sm 
Tabular S j Mutlimann’s Sxv 

is 1 Monoclinic nacreous 
V Monoclmic tabular 

Soluble 

Soluble 

Insol. 

Insol. 

— 

^ ^ ( Amorphous . 

Amorphous . . 

^Soluble . . . 

Soluble 

Insol. 

Soluble 

Insol. 

Insol. 

Soluble 

1*955 

'y-sulplmr 

5-sulphiu* 

^ f Muid . . 

ijKoidM-S . . . 

i 

• * 

* - * 


Solidifies to soluble amorjiious 
or crystalline S 

Solidifies to insoluble amor- 
phous S 

1 


the mixture has stood to allow the insoluble matters to settle, decant the 
clear reddish solution of calcium polysulphide. Add a little hydrochloric 
acid. Calcium chloride is formed, ahd finely divided milk of suVpJiur is 
precipitated. The sulphur remains suspended in the liquid for a long 
time on account of its very fine state of subdivision. This suli)hur is 
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pale yellow in colour, it is said to contain a non-crystalline variety of sul- 
phur soluble in carbon disulphide* A certain amount of the variety (sp. 
gr. 1*955) insoluble in carbon disulphide is formed at the same time; 
this lias been called y-sulphur. Several other sub-varieties of amorphous 
sulphur are known. These are more or less closely' related to the leading 
types just considered* A complete and satisfactory statement of the 
diierent varieties of crystalline and ainorphoiis sulphur is not yet possible. 
Those indicated abo%^e are tabulated on p, 480 (Table XXVIIL). 


§ 6. The Atomic and Molecular Weights of Sulphur. 

1. Combining weight. — J. B. Dumas (1859) and J, B. Stas (1867) heated 
silver in a tube through wliicli a current of sulphur vapour was passed. 
The excess of sulphur was distilled off in a current of carbon disulphide. 
The resulting silver sulphide was weighed. It was found that 100 grams of 
silver gave 114*85 grams of silver sulphide. Hence Ag : S == 100 : 14*85. 
The combining weight of silver (oxygen = 8) is 107*88 ; hence the com- 
bining weight of sulphur is 16*035. Results not very different have been 
obtained by reducing a known amount of silver sulphide in a current of 
hydrogen ; by finding the amount of silver in silver sulphate ; by con- 
verting silver suipliide into silver chloride; and by converting sodium 
carbonate into sodium sulphate (T. W. Richards, 1891). 

2. Atomic weight. — ikpplying the method indicated on j). 80, namely, 
collecting together a number of volatile compounds of sulphur whose vapour 
density is known, we obtain : 

Table XXIX. — Vapouk Densities of some Volatile Sulphur Compounds. 

Vapour . Amount of 

Volatile compound, density, , . sulphur in 

H = 2, niolecular weight = vapour density, ^holecule. 


Hydrogen sulphide 
Sulphur dioxide . 
Sulphur trioxide 
Sulphur . 

Carbon disulphide 
Phosphoric sulphide 


Sulpnur 32*07 ; hydrogen 2*016 
Sulphur 32*07 ; oxygen 32*0 
Sulphur 32*07 ; oxygen 48*0 
Sulphur 64*14 

Sulphur 64*14; carbon 12*0 
Sulphur 160*35 ; phosphorus 62*0 


The smallest amount of sulphur entering into the composition of any 
of these molecules lies somewhere between 32*01 and 32*14; the best 
representative value is taken to be 32*07 when hydrogen is 1*008 ; oxygen, 
16; carbon, 12*0; phosphorus, 31*0. Hence this number represents 
the atomic weight of sulphur. This result is confirmed by accurate deter- 
minations of the density of sulphur dioxide. This is 64*07. Bfence if 
oxygen be 16, sulphur must be 32*07. 

3. Molecular weight. — At about 500® the vapour density of sulphur 
is nearly 6*6 (air =1), This corr^ponds with the molecule S®. By 
raising the temperature or reducing the pressure, the vapour density 
gradually diminishes until, at 1000®, it reaches 2*2, corresponding with 
the molecule So, The vapour density then remains constant, up to about 
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1700" ; at about 2000® the vapour density corresponds with a partial 
dissociation of 50 per cent, of the into atoms S. The phenomenon with 
sulphur thus resembles the behaviour of iodine above 1000®. It may be 
that at temperatures intermediate between 1000® and 500®, some or all of 

the molecules Bg, S4, and S3 are 
present, but the. ' curve; .Is:' ' steadily 
depressed' with rising.;, temperatures^ 
and it shows .im .signs oi ^;flattening . 
such ^ as might .be expected if .^any . 
particular type, of molecule ..predomi- , 
nated throughout any partieiilar 
range'.of .temperature; This Ts,,iHiis-:^ 
trated by the graph of the vapour 
denMty of sulphur at different tempe- 
ratures shown in Fig. 167. The 
Fig. lil7.-~~¥apour Donsity of Sulphur, freezing and boiling point methods 

for the determination of molecular 
weights, indicated by examples pp. 259 and 260, show that the molecule 
of sulphur in a solution of carbon disulphide, bromoform, etc., exists as 
Sfi. H. Erdmann (1908) represents the molecules of the two different 
forms of crystalline sulphur graphicaffy by the formula : 

8=:B=S=S S=S— SrsS 



^-Sulphur. 


iss=zS-~-~Sc===:S ■ 
« -Sulphur. 


The former is supposed to represent mbnoclinic sulj)hur, and the latter 
rhombic sulphur. The experimental evidence upon which these formulae 
are based is very ffimsy. The molecules of both forms by the freezing and 
boiling point methods give the same results ; Sg, 


§ 7. Allotropy, 

It matters much with what othem and in what positions the same atoms are 
held together. When the configurations of the atoms of matter are changed, 
the things which are formed from them must also change. — Luchetius. 

The relation between ozone and oxygen and between the different 
forms of sulphur must be interesting. Ozone and oxygen are dual forms or 
dual personalities of one elemental form of matter. " "This was proved on 
p. 225. The different modiffcations of sulphur likewise contain but one 
elemental form of matter. This can be proved by showing that a known 
weight of any of the different forms of sulphur furnish the same amount of 
sulphur dioxide when burnt in oxygen gas. The experiment can be made 
by an^ apparatus resembling that depicted in Fig. 168. About OT gram 
of pure dry sulphur is introduced into a porcelain boat, and all is weidied. 
The boat is introduced into a hard glass tube, <7, which is connected at 
one end with a gas holder, A, contaimng oxygen, and wash-bottles, S, 
containing concentrated sulphuric add to dry the oxygen gas. The other 
end of the combustion tube is coimeeted with weighed glass bulbs, D, con- 
.taiaing a eonoentrated solution'.©! .potassium hydroxide, and a tube, 

' .w««iing- soda lime In one % smd.'ealdum oMoride in the other. The 
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current of^oxygen is passed tlirougii the tube, and the sulphur is very gently 
heated, ihe sulpliur burns, forming sulphur dioxide, u1deh is absorbeelby 

the potash bulbs. ■*--'■■■■ •’ ■■ . v, 

left sublimed in 
the cooler parts 
of the combus- 
tion tube. 

When all the 
sulphur has been 
oxidized, the ap- 
paratus is dis- 
connected and 
reweighed. The 
increment in the 
weight of the 
potash bulbs re- 
presents the sul- 
phur dioxide 

formed; and the loss in the weight of the porcelain boat, the amount 
of sulphur consumed. This proves that each of the different forms of 
sulphur is but a modification of one element. 

A similar phenomenon is presented by many other elements^ — carbon, 
phosphorus, selenium, etc. That property in virtue of which one 
element may, without changing its state, exist in two or more forms 
with different properties is called allotropy — from the Greek a^Aos (alios), 
another; rpoiros (tropos), shape. One aEotro}3ic form is an alias, so to speak, 
of the other. The less common form is sometimes called an “ allotrope or 
an “ aliotropic modification ” of the other. The capacity of a substance to 
exist in two or more forms with different properties without changing the 
ultimate proportions of the constituents is not confined to elements; 
chemical compounds exhibit the same phenomenon, which may be called 
isomerism or allotropism. Are the dij0ierent aliotropic forms of an element 
to be regarded as one and the same substance ? No. Each aliotropic 
form has specific properties which distinguish it from all other substances. 
What, then, are aliotropic states 1 asks W. S. Jevons, and answers ; 

Curious states which chemists frequently dispose of by calling them 
‘ aliotropic ’ a term frequently used when they are puzzled to know what 
has happened,” 

When a determination can be made of the molecular weight of two 
aliotropic modifications, there is very frequently a difference, for the one 
modification contains more atoms per molecule than the other. This is 
the case, for instance, with oxygen and ozone. In consequence, it is often 
stated that allotropy is then due to a difierenee in the molecular weight ” 
of the element. This form of allotropy can be called polyiropim. In 
other cases, it is assumed that the molecular weights are the same, as is 
probably the case with some of the different forms of sulphur, but the atoms 
of the molecule are arranged diff erentlyi This form of allotropy can be 
called mdairopism. The idea is sometime^ expressed in this way t Just 
as bricks of the same kind in the hands of a builder may be fashioned into 
various structmes, so Nature, from the ’^ine kind of atoms, builds up 
molecular structures with widely dilerent The two graphic 


aiiocarc cnai} uiq suipnur is all burni. and that none is 
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formuke for tlie Sg siilphxir molecule indicated above have been suggested 
to account for the diScrence in the two crystalline forms of sulphur. The 
first one has been given to represent the structure of the molecule of 
suiphur ; and the second the structure of «-suiphur. This^ however, is 
pure hypothesis. 

There is habitually a change of internal energy when one allotropic 
modification is changed into another. Ozone, it will be remembered, is 
formed from ordinary oxygen by an endothermal reaction. The heat 
absorbed in the production of one molecule of ozone is 34*1 Cal. (S. Jahn, 
1908). Hence -we xmte : 

SOg = 2 O 3 - 68-2 Gals. ; or SOg + 68*2 Cals. = 20^ 

Accordingly, ozone is supposed to have more available energy than 
ordinary oxygen. Bimilar remarks might be applied to the different 
forms of carbon and of phosphorus. In the case of sulphur, 

a-s -I- O 2 BOo i- 71*08 Cals, j j^-S + 02 = SOg + 71*72 Cals. 

This means that the conversion of 32 parts by weight of rhombic sulphur 
into the monoclinic form is attended by an absorption of 0*64 Cai. There 
is a difference in the energy content of the tw^o forms of sulphur as was 
the case with oxygen. Hence the definition : two allotropic modi- 
fications of a substance are composed of one element associated 
with different proportions of available or potential energy, and 
consequently they exhibit different physical and chemical properties. 
A definition of this kind describes the facts and no more. That is, 
of course, the function of a good definition. But there is a plausible 
finality about it not altogether pleasing. Energetics may tell us when 
reactions can occur, but it does not tell us ho%v. Energy definitions 
in general are strictly non-committal and less likely to stimulate the 
imagination than views such as that which has just been styled pure 
hypothesis.” This indicates one great objection to the energetic method 
of dealing with chemical reactions. The atomic, molecular, and kinetic 
methods are far more likely to prompt new and fruitful investigations. 
However, if we accept J. C. Maxwell’s view that the potential energy of 
a molecule depends essentially on the relative positions of the parts of the 
system in which it exists ; and that potential energy cannot be transformed 
in, any way without a change in the relative position of those parts, we see 
that the energy theory of allotropism is quite in harmony with the position 
theory, and that the one supplements the other. Changes of energy are 
dependent on changes in the configuration of a system. Chemists therefore 
seek answers to such questions as : What are the differences in the avail- 
able erxeigy of these molecules 7 What are the arrangements of the atoms 
in the different molecules ? etc. 

qiie transition of ordinary a-S to ^-S is reversible. There is a definite transition 
temperature below or above which only one of the forms is stable, and the other 
form unstable. This is a case of enantiotropic allotropy— from the Greek ivavrotg 
(enantios), opposite ; Tpdtros’ (tropos)^ habit. The transformation of k-B to 
IS also reversible, but there is not a transition temperature, for the amount 

of oiioh form present when the sj^tem is in equilibrium is determined by the 
temperature. The phenomenon is called dynamic allotropy, to distinguish 
it from that which precedes. In. yet a third type of allotropy, the change is irre- 
vemble, one form is in a metastabl© condition at air temperatures. This is 
called monotropic allotropy, to distinguli^ it from, the two phenomena which 
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precede. Exanrplea — diamond and grapliite, explosive anUmfinV”\vi!l lie con- 

sidered later. ^ 

§ 8. Hydrogen Sulphide--Preparation and Occurrence. 

Molecular weigi it, HgS = 34*09. Melting point, -86® ; boiling point, — €2® ; 
critical temperature, + 100®. Relative vapour density, 34*204 (H^ = 2) ; M89r> 
(air = 1). 1000 c.c. -vveigh 1*6392 grams under standard conditioiis. 

Occurrence. — Hydrogen sulphide occurs in several mineral waters 
(p. 178) ; in the exhalations from volcanic vents, etc. It is also formed 
during the putrefaction of animal and vegetable matters containing sulphur, 
and by the action of an aqueous solution of carbonic acid on sulphides whieii 
in turn are often formed by the reduction of sulphates l>y organic matter. 
Several bacteria during the putrefaction of organic matter xJroduce hydrogen 
sulpiride — the sulpliur being derived from protean matters and from the 
reduction of sulphates — stimulated possibly by sunlight. This is said to 
occur at the mouths of rivers on the West Coast of Africa — e.g, the Congo 
river, which brings organic matter into intimate contact with su]p)}iides. 
Hence, the atmosphere may be contaminated by hydrogen sulphide derived 
from these three courses. Hydrogen sulphide is reaciily oxidized and it 
camrot therefore persist very long in the atmosphere. 

Historical. — Several references to hydrogen sulpiride appear in the 
writings of the alchemists of the Middle Ages, w'here it is described under 
the general term “ sulphurous vapour,” and their directions for the pre- 
paration of this product show that they referred to some fetid solutions of 
the polysulphides, which probably contained this gas, and were called 
“ divine water ” — from the Greek B^Zov (theion), divine or sulphurous. 
This liquid excited the attention of the alchemists, for it gave ail kinds of 
colorations with solutions of the different metals ; with vinegar, it gave a 
precipitate of sulphur and at the same time gave off a gas which blackened 
silver and some other metals. K. W. Scheele (1777) was the first to in- 
vestigate the compound systematically. 

Preparation. — ^Hydrogen and sulphur combine directly when sulphur 
v'apour and hydrogen (or certain hydrocarbons) are passed through a red- 
hot tube, particularly if the tube be packed with pumice stone or some 
other similar porous material. Reintsch made the gas by melting suet 
and sulphur in a flask. The gas is best prepared by the action of dilute 
hydrochloric or sulphuric acid upon ferrous sulphide, FeS, which, in turn, 
is made by fusing iron and sulphur together (p, 82), The reactions arc 
symbolized : 

FeS + H 2 SO 4 - FeSO^ + H^S ; FeS + ^HCl - FeCl^ + H^S 
Hydrochloric acid is generally preferred to sulphuric acid because the 
resulting ferrous chloride — ^FeClg — ^is not so liable to crystallize as ferrous 
sulphate— FeS 04 . For small quantities, a similar apparatus to that 
employed for the preparation of hydrogen is used (Fig. 10) ; and for larger 
quantities, Kipp's apparatus may be used (Fig. 13). Comparatively large 
quantities of the gas are required intermittently in a testing laboratory, 
and scores of different forms of apparatus have been invented for the 
purpose. The gas is generally washed by passing it through a wash-bottle 
containing water. 

Iron pyrites, FeS^, is scarcely attack^ by hydrogen at high tempera- 
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tm'63, or by acids-~-liot or cold. If, liowever, the niineral bo calcinod to 
500’'--80CP,\¥itli about 15-20 per cent, of an alkali or alkaline earth, 
the i)rodiict is then readily attacked and can bo used for the preparation of 
the gas. Artitlcial ferrous sulphide, prepared as indicated above, generally 
contains a little free iron, and hence some hydrogen v;ill be mixed with 
the gas. For ordinary purposes, this does not matter. The gas may also 
contain traces of hydi’ooarbons, etc,, derived from the action of the acids 
on the impurhies in the iron. A more pure gas is made by heating anti- 
mony sulphide with concentrated hydrochloric acid, and washing the gas 
in water ; but calcium, barium, and magnesium sulphides also furnish as 
pure a gas at the ordinary temperatures : BaS + 2HC1 = BaCl2 + Ii2S. 
Alumiidmu sulphide {q.v,)\vith water gives hjdrogen sulphide. 

Drying hydrogen sulphide. — If the gas is to be dried, dehydrated 
alumina or phosphoric oxide is used. Sulphuric acid should not be used 
because it is reduced by hydrogen sulphide and free sulphur is deposited : 
11. >S -p H^SOi ^ SO2 + SHoCl “r Calcium chloride is often used for 
drring the gas in spite of the fact that there is a slight decomposition of 
the calcium chloride ; CaCl^ -f = OaS 4“ 2IIC1, or CaClg + 2H3S = 
Ca(HS)3 -f 2HCI 

§ 9. Hydrogen Sulphide — Properties and Composition. 

■ The tennination met — from the Latin ‘‘ it will burn ’’ — was once 
applied to a series of inflammable compounds — sulphuretted hydrogen, 
phosphuretted hydrogen, carburetted hydrogen, etc. These terms are 
still used eoiloquially. Sulphuretted hydrogen, or hydrogen sulphide, 
is a colourless gas which smells like ripe ’ ’ eggs. The gas is very poisonous, 
and it produces headache and vomiting if breathed diluted wdth air, for 
a long time. According to L, J. Thenard, respiration in an atmosphere 
containing ri- of its volume of hydrogen sulphide proved fatal to a dog. 
Inhalation of dilute chlorine obtained by wetting chloride of lime with 
acetic acid is recommended as an antidote. The gas has been used on 
certain ruetallurgical operations on a large scale — e.g. the purification of 
ciuimium, and the separation of copper and nickel. Electrolytic jmocesses, 
however, have largely displaced the use of this gas for operations of this 
oliaracier. 

Action of cold, — The gas was liquefied by M. Faraday in 1828 by allow- 
ing pure ferrous sulphide and pure hydrochloric acid to act upon one 
another in a stout bent sealed glass tube. The gas condenses to a colour- 
less limpid fluid at under a pressure of 15 atmospheres. The 

liquid boils between -~6P and —62*^; and it freezes at —85'^. Liquid 
hydrogen sulphide forms a orj^staKine hydrate when heated with water 
io. a sealed tube. The compound, probably HoS.ClHgO (J-l. de Forcrand, 
1902), decomposes slowly at ordinary temperatures and pressures, but it 
may be preserved indefimteiy-.ln a;seaied,tube. 

Aqueous solutions. — Hydrogen sulphide is fairly soluble in, water; 
100 volumes of water at 0® dissolve 437 volumes of the gas ; and at 20°, 
291 yolumes. The solution is called hydrogen sulphide water.’* The 
solution is supposed to contain H% and-HS', and ions, but the ionization, 
H* + HS', is relatively '-mueji'-.' greater than HgS 2H‘ 4- ; 

and in a L M-aqucoiis solution only 0'»07' per cent, of the4!ssolved hydrogen 
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sulphide is supposed to be ionized* , The gas can be expelled from the 
water hy boiling. Owing to its soiubiJitj, the gas should not be collected 
over cold water, but it is sometimes collected over hot water. The gas 
is four tirnes as soluble in alcohol as it is in %vater. The aqueous or 
alcoholic solution decomposes slowly with deposition of sulphur, 
particularly if exposed to the light— 2H2S -f 6., == 211/3 + S. ^ The 
aqueous solution has an acid reaction, and it reddens blue litmus, ilyciro- 
gen sulphide reacts with bases, forming sulphides. ^I'hen it is desired to 
emphasize the acid nature of the gas, the aqueous solution is soinetin^es 
called hydro-sulphuric acid. 

Hydrogen sulphide is inflammable in air, and burns with, a bluish flame, 
forming sulphur dioxide and w’-ater : 2H2S -f SOg =■- 2SO2 + 2H2O. A 
mixture of two volumes of hydrogen sulphide with three ^-olumcs of oxj^gen 
explodes violently when ignited. If the supply of air is limited/ free 
sulphur may be formed: 21138 -f Og = 2H3O + 28. A lighted taper 
dix^ped into a Jar of the gas shows that the gas does not support combustion. 

Decomposition of hydrogen sulphide.— The thermal value of the 
reaction between hydrogen and sulphur is small : 

-f 4*82 Cals. The gas is 
easily diasociated by passing 
it tlnough a hot X3orceiain 
tube. The dissociation be- 
gins about 400°, and it is 
comxDlete at about 1700°. 

It wflil be remembered that 
hydrogen sulphide was 

formed by passing hydrogen 
and sulphur vapour through 
a tube. This 

means that the reaction 
belongs to tbe type of op- jeg.-The Hydrogen 

posing reactions— discussed Sulphide by Electric Sparks, 

oiix). 119, This reaction is 

symbolized : 2H2S 2 ®^ + Sq. Hydi’ogen sulphide is also decom- 

Xiosed by passing electric sparks through the gas confined in a tube, 
Pig. 169, over mercury. No change in volume occurs, but the decom- 
position of the gas is evidenced by the deposition of sulx^hur on tbe 
glass in the vicinity of the sjjarks. There is a considerable local rise 
of temperatme in the ^dcinity of the sparks, but the gas is immediately 
cooled as it difluses into the sun*ounding gas. The products of the reaction 
do not then have time to react in the converse direction. The elfect can 
be compared with a similar result obtained with Deville's “ hot and cold 
tube” (p. 229). Decomposition is complete because the sulphur is 
removed from the zone of the reaction, and deposited as a solid about the 
anode, the hydrogen about the cathode. When hydi’ogen sulphide is 
jiassed through a hot tube, decomposition is not complete, except at 
very Mgh temperatures, because the sulphur is present in the reacting 
system as a vapour, and it sets up ,-a back, reaction 'With the hydrogen, 
reforming hydrogen sulpibide. 

Reducing actioii.-*-The relatively smah. amount of energy absorbed 
when hydrogen sulphide decomposes corresponds with the fact that it is 
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readily decomposed and the products of decoBiposition exert a powerful 
reducing actioiu The action of the gas on sulphuric acid has just heen 
indicated. Hydrogen sulphide reduces moist sulphur dioxide with the 
separation of sulphur: 2Hg8 +,S 02 = SHoO -}- 3S. Ox^’-gen, and 
substances which easily part with their oxygen, oxidize the hydrogen 
and liberate sulphur, or form sulphur dioxide. The turbidity observed in 
aqueous solutions of tlie gas which have stood some time is due to the 
separation of sulphur and the oxidization of the hydrogen by air. Iodic, 
bromic, chloric, and chromic acids are readily reduced by hydrogen 
sulpliide. Fuming nitric acid is reduced with explosive violence. This 
can be shown by dropping acid into a jar of the gas. Chlorine, bromine, and 
fiiicrine also decom|>ose hydrogen sulphide with the separation of sulphur, 
and the formation of the respective halogen compounds. This can be 
proved by bringijjg a. jar of chlorine and a jar of hydirogen sulphide mouth 
to inoutli. Hydrochloric acid will be formed : HgS -f- Clg = S 2HCL 
This property is utilized in making hydriodic and hydrobroniic acids. A 
piece of bright silver is very quickly blackened wiien exposed to the gas 
owing to the fonnation of silver sulphide. Hydrogen sulphide is sometimes 
present in the atmosphere ; hence silver often tarnishes w^hen exposed to 
the air of towns, Tlie tarnisMng of silver by hydrogen sulphide is illus- 
trated by the use of silver spoons with eggs. Tin and lead are also quickly 
tarnished by the gas. Some metals decompose hydrogen sulphide veiy 
quickly under the influence of heat. Tin, lead, and cadmium are examples. 

Sulphides of the metals are formed, and 
hydrogen gas is liberated: Sn + HoS 
SnS 4- Hg. 

Composition and formula. — If a known 
volume of hydrogen sulphide be heated 
with metallic tin in a tube over mercury 
—Fig. 170 tin sulphide and free hydro- 
gen equal to the original volume of 
hydrogen sulphide are formed ; similarly, 
hydrogen sulphide, when decomposed by 
electric sparks — Fig. 169 — suffers no 

change in volume. Hence, from Avo- 

Hydrogen Sulphide. gadro’s hypothesis, it follows at once 

that one molecule of hydrogen sulphide 
contains one moleeule^two atoms — of hydrogen, and that the formula of 
hydrogen sulphide is HgS^, where 7i has not been determined. The 
specific gravity of hydrogen sulphide (air = 1) is 1T912 ; that is, if 
H 2 ~ 2 be the unit, the relative density of hydrogen sulphide is 1‘1912 
X 28*705 34*253. Henco- • 


Molecular weight of hydrogen sulphide . * . . . 34*204 

Weight of hydrogen in the molecule 2*016 

Weight of sulphur in the molecule 32*188 


This result is sufficiently close to the atomic weight of sulphur 32*07, to 
prove that there can be one and only one atom of sulphur in the molecule. 
It is therefore concluded that the formula of hydrogen sulphide is HgS. 

, ^ depression in the tube retains the tin wffien the mercury is being dis- 

placed by the gas while charging the tube. 
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§ 10, Sulphides. 

The sulpliides ean be regarded as salts of ]hyclrosu]]>hnnc acid even 
though they are not always prepared directly from liydrogeii sulphide. 
Many sulphides are made by the direct union of sulp)hiir with the metals 
(p. 32). Hydrogen sulphide also forms either siilpliides or hydrosuljdjides 
with the oxides and hydroxides of the metals, for insiance, with lead 
oxide: PbO + HoS = PhS -j- HgO ; and with lead salts : PbOlg -p H^S 
== PbS + 2HC1. The lead sulphide is dark brown. Hence paints con- 
taining lead compounds, w’hen exposed to air contaminated with hydo’ogen 
sulphide, are “ blackened.*’ If thoroughly dried, hydrogen sulphide has 
no appreciable action on most of the ’ oxides — lead, iron, anthnony, 
magnesium, barium, etc. — at ordinary temperatures. Many of the metallic 
sulpliides xmepared by the action of hydrogen sulx3hid(^ on metal salt 
solutions have characteristic colours ; and, in consequence, the colour 
of the sulphide i^recipitated when hydrogen suij)hide is passed into a 
solution of salt of the metal, is often strong circumstantial evidence of the 
presence of particular metals. Hydrosulphides are formed by the action 
of hydrogen sulphide on some of the hydroxides : KOH -f- B 2S = KSH 
+ H2O. The group “ SH ” resembles the group “ OH ” in that it is a 
monad radicle, and forms a group of compounds called hydrosulphides. 

PoiysLilphides. — Sulphur is fairly soluble in aqueous solutions of the 
soluble sulphides, forming a group of polysulphides. With sodium, for 
example, a series of suixihides ranging from sodium monosulphide, NagS^, 
to the pentasulphide, NagSg, can be obtained. The composition and the 
relations of the poiysulphides have not been clearly demonstrated. Aqueous 
solutions of ammonia saturated with hydrogen sulphide mainly consist 
of ammonimn hydrosuiphide, NH4HS (formed : NH4OH -f HgS NH4HS 
4* HgO), some ammonium sulphide, {NH4)2S, and ammonium hydroxide. 
The mixture is often called “ ammonium sulphide.” Wlicn “ ammonium 
sulphide ” is allowed to stand, the solution is oxidized, and free sulphur 
is formed. This dissolves in the “ ammonium sulphide,” forming a poly- 
sulphide, {NH4)2S„, where n may be anything from 1 to 9. The yellow 
solution — called “yellow ammonium sulphide is a reagent much used 
in analytical w^ork. 

The alkali sulphides. — The sulphides are analogous in many respects 
with the oxides, and, as with the oxides, we have l^asic, acidic, and neutral 
sulphides, as well as persuipliides. Sulphur is less acidic (electro-negative) 
than oxygen and chlorine, and accordingly, the compounds of sulphur 
and oxygen and chlorine are not sulphides of oxygen and chlorine, but 
oxides and chlorides of sulphur. The anhydrous suli^hides are made by 
the action of sulphur vapour on an excess of the alkali ixietal between 
200° and 300° in vacuo. The excess of metal can be distilled off, and the 
white crystalline sulphide remains. Just as the metal sodium decomposes 
water, H^O, forming sodium hydroxide, NaOH, so does the metal sodium 
when heated with hydrogen sulphide, form the sulphur analogue of 
sodium hydroxide, namely, sodium hydrc^ulphide, NaSH. The same 
.substance is formed w^hen alkaline hydroxide is saturated with a solution 
of hydrogen sulphide, and, in the case of potassium hydroxide, a crystalline 
monohydrate, 2KSH,H2,0, can be isolated from the solutioiL The aqueous 
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solutions are liyclrolyzed and hence anhydrous products cannot be obtained 
in such solutions excepting perhaps the nibidium and cinsiuni compounds. 

When sodium ethoxide — ^formed by the action of sodium on etlijd alcohol 
— is saturated with hydrogen sulphide, and then treated with ether, fairly i 

pure sodium liydrosulphide is formed. When potassium hy<b:oxide and 
potassiiuxi hydrosiilphide are mixed in equivalent proportions, potassium 
monosulphide and w^ater are formed : KOH + KSIl = Kg® + H2O, 
Reddish-white prismatic crystals of the pentahydrate, KgS.SHoO, can be 
obtained by the evaporation of the aqueous solution in vacuo. In the case 
of Bodiiim,* NagS.OFigO is formed. The allialine sulphides are at once 
hydrolyzed by water : + HgO ^ KSH -|- KOH. The solution 

{(uickly oxidizes on exposure to the air ; sulphur is first liberated, and this is 
dissolved by an alkali sulphide, forming a poiysiilphide. The potysiiiphide 
on further oxidation forms a colourless solution of the thiosulphate. Ozone 
reacts with sodium sulphides, forming sodium sulphate and a little tiiio- ^ 

sulphate ; with sodium liydrosulphide, free hydrogen sulphide is formed 
as well. When potassium carbonate or hydroxide and sulphur are heated 
together a mixture of variable composition containing sulphate, thio- 
sulphate, and poIysiiIpMde is formed — probably 6KOH -j- BS — 2K2S3 
-f K2S2O3 -f- SHgO represents the primary reaction, and the potassium 
trisuiphide, dissolves sulphur, forming potassium pentasuiphide, 

K2S5, witli potassium tetrasulphide, K2S4, as an intermediate product. The 
reddish-brown solution of sulphur in potassium hydroxide or carbonate is 
called ‘rtiver of sulphur,” or ‘‘hepar sulphuris.” Some sulphate and 
sulphite are also formed as oxidation products, and the solution accordingly 
contains these salts as w^ell as the polysulphides and thiosulphate. Sulphur 
readily reacts with aiivaii by hydrosulphide in alcoholic solution, forming in 
the case of sodium, sodium tetrasiilphide, NagS^, and sodium disulphide, 

KagSa, when the right proportions of sulphur are employed. 

Copper sulphides. — Cuprous sulphide, CugS, is produced wKen copper 
burns in sulphur vapour ; when an excess of copper filings is heated with 
sulphur ; and, m a black precipitate, when hydrogen sulphide is passed 
through solutions of cuprous salts 2 CiiCi -f = CugS -f 2 HCL The ^ 
cuprous sulphide is soluble in warm dilute nitric acid, forming copper 
nitrate and sulphur. Cuprous sulphide occurs native in rhombic crystals 
as copper gkmce. A bluish mass of cupric sulphide is formed when copper or 
cuprous sulphide i.s heated with sulphur to a temperature below 114 ° ; and 
m a black precipitate when hydrogen sulpliide is passed into solutions of 
cupric salts. The precipitate is inclined to run through filter paper because 
it is a hydrosol (colloid). The precipitate is coagulated by the addition of 
dilute hydroohiorio acid. Cupric sulphide is soluble in hot dilute nitric 
ac^id; insoluble in dilute sulphuric acid (cadmium sulphide is soluble 
under the saane conditions) ; insoluble in potassium or sodium sulphide, 
and insoluble in ammonium sulphide. It also dissolves in potassium 
cyanide,^ fonning a complex cyanide from which hydrogen sulphide does 
not precipitate copper, . ■ ! 

Silver sulphide, AggS.-^iiTer .sulphide is precipitated by hydrogen 
sulphide from neutral, acid, or ammoniacal solutions. The precipitate is 
insolobie ” in ammonia, alkaline sulphides, and in dilute potassium 
cyanide ; but it is soluble in concentrated potassium cyanide and in 
hot dUute nitric acid, Silver,aulphid6 melts at about 812 °. Fine crystals 
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can be prepared by kcatijig tlio precipitate with airnuunium Biilpbide 
in a sealed tube between 150^ and 200'"^. If the silver nitrate solution be 
iiiglily concentrated, a yellowish green precipitate is formed wiiicii, when 
•washed with dilute nitric acid and diied, has the enipii'ical conii>osiuon 
AggS.AgNOa, sliver snlplionitrate. Water decomposes the compoiincl 
into sokilde silv^er nitrate and insoluble silver sulphide. 

Gold sulphide. — Hydrogen sulphide precipitates in the cold a black 
gold disulphide, AuoSo : The precipitate is insoluble In dilute acids ; 
readily soluble in aqua regia—ihdbt is, a mixtui’e of nitric and hydro* 
chloric acids — forming auric chloride. Gold disulphide is also soluble in 
annnonium siiiphide, but more readily in potassium sulphide, forming 
potassium thioaurite, S==Au-~SK, from which it is said ye]lo^^ish -brown 
gold trisulphide, AuoSg, can be precipitated by hydrogen sulphide. 
Metallic gold is precipitated from hot solutions of auric chloride by 
hydrogen sulphide. 

Alkaline earth sulphides.— The monosulphides are formed by reducing 
the siiipliates with carbon. In the case of barium, tills reaction is the 
starting -poisit for the manufacture of. the barium salts from barytes, BaS04. 
The reaction is symbolized ; BaS04 + 4C = BaiS + 4CT‘). Calcium 
sulphide, CaS, is formed by the action of hydi'Ogcn sulphide on heated 
lime : Oa(OH)2 HoS 2H2O + CaS. The all^aline earth sulpMdes are 
white or yellowish- white, and phosphoresce in the dark, after exposure to 
daylight. These sulphides are almost insoluble in water, but like the alkali 
sulphides, they are hydrolyzed very quickly in boiling water, probably 
forming hydrosuiphide and hydi'oxide : 


Ca<ojj 

Calcium 

hydroxide. 


Ca- 


4 ’ 




Calcium 

hydroxy -hydrosuiphide. 


Calcium 

hydrosuiphide# 


The hydi’osulpiiides may be obtained in aqueous solution by the, action 
of an excess of hydrogen sulphide on the hydroxide, as indicated above, 
and crystals of Ca(SH)2.6H20 can be obtained from the solution. These 
crystals, when heated in a stream of hydrogen sulphide, give calcium 
monosulphide, Ca-S. Just as hot alkaline hydrosulphides dissolve sulphur, 
forming alkali polysiilphidcs, so does boiling milk-of-lime and sulphur form 
calcium polysuipliides. According to H. V. Tartar (1914), calcium 
tetrasulphide is one of the first products. The primary reaction is 
represented : 3Ga(OH)2 + lOS = 2CaS4 GaSoOg -f BH^O. The thio- 
sulphate, GaSgOg, decomposes into sulphur and sulphite. It reacts with 
an excess of suiplnir, forming calcium pentasulphide, OaSs. The sulphides 
of the alkaline earths — calcium, barium, strontium, and magnesium — can 
be used as a source of pure hydrogen sulphide, since they decompose with 
acids giving hydrogen sulphide : CaS -f 2H01 = H2B -f CaClg. Calcium 
sulphide is a by-pi*oduct in Leblanc’s process Cantmi's phoaphorus 

was made by Canton (1768) by heating oyster shells with sulphur. 

The commercial sulphides of the alkaline earths after exposure to light 
appear lumhious when placed in the , dark. The feeble light emitted by 
these substances gradually diminishes in intensity, but the property is 
recovered on exposure to light. Galchnn . sulphide, CaS, was formerly 
termed Canton's phosphorus,", and b^riujh sulphide, BaS, Bononian 
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lie. .Bologiiiaii) pho&plom^r What is here ca-Ued barium sulphide was 
discovered by Y. Oascariolo, of Bologna, towards the end of the 16tli 
century, wliile he was experimenting on the action of heat on a mixture of 
barytes and charcoal. He thought the product of the action “ w^as capable 
of attracting and retaining the golden light of the sun,'’ and for a time the 
substance was called la^is soluris (sun-stone). These substances are now 
used in the manufacture of “ luminous paints . The pure sulphides do 
not phosphoresce, and the property is therefore dependent on the i)resencc 
of some foreign substance. Minute traces of other elements, bismuth, 
cadmium, manganese, zinc, etc., modify the colour of the phosphorescent 
glow. 

Zinc sulphide.— Zinc sulphide is formed as a W'hite amoiplious |}reciph 
tato \vhen an alkaline sulphide is added to a solution of zinc salt, or wdien 
hydrogen sulphide is passed through an alkaline solution of a zinc salt. 
Zinc sid]>hide melts at about 1060°. It is not dissolved by organic acids 
like acetic and formic acids, but it is soluble in mineral acids evolving 
hydrogen sulphide. Hence zinc sulphide is not precipitated by hydrogen 
sulphide in acid solutions ; cadmium sulphide is precipitated in acid 
solutions. This subject is discussed in the next section. There are two 
native zinc sulphides, the one, sphalerite or oidinary mic hlende, is stable 
boio^w 1020°, and the other, wuriziie^ is stable above tliis temperature. 
Sphalerite has a specific gravity 4*090 and crystallizes in the cubic system ; 
wmrtzite has a specific gravity 4*087, and crystallizes in the hexagonal 
system. Cadmium sulphide varies in tint from a bright yellow to an orange- 
red, according to the temperature of precipitation, nature of solution, etc. 
If hydrogen sulphide be passed through a solution of cadmium chloride, 
the precipitate which forms is an intense orange-red colour owing to the 
formation of cadmium thiochloride, Cd«SC] o. The reaction is represented : 
2GdGL -f H.S 2HC1 -f CI*--Cd— S— Cd^l. The thiochloride passes 
into the sulphide CdS by the continued action of the hydrogen 
sulphide, and at the same time, the tint of the precipitate becomes lighter 
in colour. With the chloride, the precixfitate never attains the sulphur- 
yellow tint fonned wken solutions of cadmium nitrate or sulphate are 
employed. Qi'eenockite is the native form of cadmium sulphide, and occurs 
in hexagonal crystals. Cadmium sulphide is used as a pigment for oil 
and water colours. Cadmium sulphide is insoluble in ammonium sulphide ; 
arsenic, which also forms a bright yellow precipitate, is soluble in 
ammonium sulphide. The fact that zinc oxide dissolves in alkalies while 
zinc sulphide does not, illustrates the stronger acidic qualities of oxygen 
in contrast with siilphui'. 

Mercury sulphides. — It is said that mercurous sulphide, HggS, is 
produced iti the form of brownish-black plates by the prolonged action of 
eoki concentrated sulphuric acid on mercury. There appears to be some 
doubt about the existence of mercui’ous sulphide- When hydrogen 
sulphide acts upon mercurous gaits, a mixture of niercmic sulphide and 
mercury results. Mercuric sulphide, HgS, is made by rubbing mercury 
and sulpluir together in a mortar. It is also formed as a Mack precipitate 
by the action of h^^drogen sulphide upon a mercuric salt. Mercuric 
sulphide is insoluble in ammonium sulphide and in alkalijie hydroxides, 
but it dissolves in concentrated solutions of alkaline sulphides, more par- 
ticularly the polysuiphides. Terming thio-salts: HgS -f- KoS = HgCSE:)^. 
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The thio-rialt is cMjnipieteiy liydrolyssed by water, fornihig rt-d juercoric 
sulphide: Hg(SIv)o -f H./) =: ICOH.-h ICSM -f Ugh. hydrogen 

sulpliide is first passed through the solution of the nw^nniih^ salt, 
a white precipitate is formed. This is supposed to be ii]creur\- thio- 
ehioride, Ci—lig----S — Hg — S — -Hg- — CL, .' The mercury thiochloride gradu- 
ally turns brown and then black if the current of gas is continued: 
HggS.xCia + HoS — 3HgS + 2HCL The black precipitate is almost 
insoluble in boiling dilute acids though hot concentrated nitric aeki 
gradually converts it into a white mercury thionitrate, Hg<jS2(fSiOy)^^ 
and tinaUy into soluble mercuric nitrate. There are three cliiferent forms 
of crystalline mercuric sulphide ; two of these occur in nature. The one 
is black metacinnabar with a specific gravity 7’7 and crystallizes in the 
cubic system ; it can be pre|)ared artificially by treating a dilute acid 
solution of mercuric salts with sodium thiosulphate ; ])y treating a con- 
centrated solution in the same manner, a scarlet mercuric sulphide is 
formed witli a sj>ecific gravity 7*2. This does not occur in nature. 
Annabar is obtained from alkaline solutions, mefcaciimabar from acidic 
solutions. Gmmhar, vermilion, or native sulphide of mercury, HgS, is red. 
If the black sulphide be sublimed, a red crystalline sul2>hide is formed. 
The red crystalline variety of mercuric sulphide is more stable than the 
black variety. When either the black or the red variety is heated to about 
400 the black compound is formed on cooling, and this maybe transformed 
into the red variety by merely scratching the surface. Zinc, cadmium, 
and mercuric sulphides can be sublimed without melting ; the sublimation 
begins respectively at 1180^, 980°, and 446°. Vermhion is used as a 
pigment in oil-painting ; it is made artificially by the action of ammonium 
or alkali sulj)liides on black mercuric suljMde. 

Tin sulphides. — When tinfoil is burned in sulphur vapour stannous 
sulphide, SnS, is formed. Stannous hydrosulphide, Sn(HS)2, is preci- 
pitated as a brown jiowder when hydrogen siiljihide is 2)asvS6d through a 
solution of the stannous salt : SnOlo -f 2H2B = 2HGI Sn(SH)2. The 
brown precipitate becomes black and anhydrous on drying. The preci- 
pitate dissolves in concentrated hydrochloric acid and consequently no 
tin is precipitated if hydrogen sulphide be passed through a strongly acid 
solution ; on diluting such a solution, however, the stannous suij)hide is 
precipitated. Unlike arsenic sulphide, tin sulphide is insoluble in ammonia 
and ammonium carbonate, and in colourless ammonium sulphide ; but it 
is readily soluble in ammonium and alkaline polysulphides, forming 
thiostannates, e,g, potassium thiostannate, K^SnSg, thus ; BnS -4“ Ko.S -i- B 
-^SSn(SK)2, If the solution be acidified, yellow stannic sulxfiiide is 
precipitated : S— Sn“(SK)2 + 2HCi = 2KC1 ■-}- + SnSo- Stannic 

sulphide, SnSg, is x>recipitated by passing hydrogen sidplude through a (not 
too acid) solution of a stannic salt, c.g. SnCi4 4" 2H2B = 4HCi 4 SnS^. 
The sulphide is soluble in hydrocliloiic acid, and hence no ju’ccipitation of 
the siilx>hlde occurs if the solution be strongly acid ; sucli a solution, 
saturated with hydiogen sulphide, precipitates stannic siilpiiide when 
diluted. The yellow stannic sulphide appears to be the anhydride of a thio- 
stannic acid, HgSxiSg, for it dissolves in alkali sulpliides, fonning soluble 
tlxiostannatos as indicated above. , Stannic sulphide .is insoluble in ammonia 
and ammonium carbonate ; and it is . converted into the oxide by roasting 
in air. Stannous sulphide alone is, prepared in the dry way by heating 
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tin and sulphur together because the heat developed diiriug the reaction 
converts the Btannic sulphide into stannous sulphide and siilj)hur. Stannic 
sulphide can be made in a diy way by heating tin ainalgani, animonium 
chloride and suiplmr in a retort. A complex reaction takes place, resulting 
in the formation of a mass of yellow scales cahed mosaic gold,^’ and this 
Is used as a pigment. Mosaic gold is not attacked by alkaline sulphides 
nor by nitric acid ; it is attacked by aqtia. regia, forming stannic chloride 
and sulphur. The insoluble sulpliides of tin are most readily obtained 
in a soluble condition by fusing them together with sodium carbonate and 
sulphur, and extracting the resulting sodium thiostannate with water. 

Lead sulphide, PbS. — ^Lead sulphide occurs in nature as galena in 
well-forinod cubic crystals with a lustre resembling metallic lead. .Lead 
sulphide is formed by reducing the sulphate with carbon, by heating lead 
in sulphur vapour, and as a black preeijitate by passing hydrogen sulphide 
tlii’ough neutral, acid, or alkaline solutions of a lead salt. If hydrochloric 
acid be present, an orange, yellow, or red precipitate of lead thiochloride, 
Fb 2 SCL 2 j may be formed : 

2Pb<^J + g>S = 2HC1 + 

This is immediately decomposed by more hydrogen sulphide, forming 
a black lead sulphide ; with solutions of lead bromide, lead sulphobromide, 
FbgSBra, is formed. These compounds are the sulphur analogues of lead 
oxychloride, FbjjOClg. Boiling dilute nitric acid dissolves lead sulphide, 
fonning lead nitrate with the separation of sulphur. Concentrated nitric 
acid oxidizies it to lead sulphate. Unlike tin siilpMde, lead sulphide is 
insoluble in alkaline hydroxides and sulphides. Synthetic lead sulphide 
melts at 1112 ®, and galena at a lower temperatui'e ; lead sulphide begins 
to subiime at about 950® in vacuo or in a current of an inert gas, forming 
sinah cubic crystals. Heated with free access of air, it forms load sulphate. 

Aluminium sulphide, Al^Sg. — ^Aluminium sulphide can be prepared as 
a gtoyish. black solid by heating finely divided aluminium with iron 
pyrites : 4A1 + BFeSa = 2 AI 2 S 3 + ; or by heating a mixture of 

alumina, carbon, and sulphur at a white heat : AigO^ + 30 + 3S = 
AigSg 4 - BOO ; it is also formed when sulphur is thrown upon strongly 
heated aluminium ; or better^ by heating the metal in sulphur vapour. 
Aluminium sulphide is deoQmx:)Osed by water with the evolution of 
hydrogen sulphide: Al^Sg + === 2A1(0H)3 + 3HgS. Atmospheric 

moisture also decomposes the sulphide in a similar manner. The sulphides 
of aluminium and of chromium cannot be prepared in the presence of 
water ; hence when ammonium sulphide is added to solutions of chromium 
or ahiminium salts, the hydroxides, not the sulphides, are precipitated 
The tydrosulphide is probably formed first : AiCig + 3 ]N:H 4 HS 
SNH^Oi 4 * Ai{S.H) 3 ; and this is at once hydrolvzed : Al(SH)o 4 - 3H.>0 
= AJ(0H)s + 3H,S. , , ^ n-r . 

Iron sulphides* — By projecting a mixture of iron filings and sulphur 
into a red-hot oracibie, a fused mass of ferrous sulphide, FeS, is formed. 

A little black ferrous sulpMd© is precipitated when hydrogen sulphide is 
passed tiirough neutral solutions of ferrous salts, if an alkaline acetate 
be piment, a little more ferrbtiS' sulphide -is' precipitated, but the precipita- 
tion is not complete ; alkali and ammonium sulphide precipitate black 



4m 


SULPHUR AND ITS ■■HYHROUE^ COMPOI^KBS 

ferroiiB sulplmle: FeOl^ + (^4)38 == FeS, ILe precipitate 

is 3*eaf.lily soluble in dilute acids, eYen acetic acid, with tlie e\'oiutiou of 
hydrogen sulphide, Moist ferrous sulphide is readily oxidized when ex- 
posed to the air, forming first a browmish basic sulphate with the separation 
of sulphur. Hydrogen sulphide and ammomum sulphide reaciih' reduce 
ferric to ferrous salts with the , separation of sulphur ; 2FeC4 "r HoS 
“ 2FeCl5> -j- 2 HCi -I- S ; and the ferrous chloride then behaves as inclicateci 
above. Hence ferric sulphide, FcgSg, cannot be made by precipitation 
with hydj’ogen sulpliide, but it can be made by fusing equal weights 0! 
iron and sulphur at about o 50 ” ; and by passing a current of hydrogen 
sulphide over ferric oxide heated to about 100°, 

b’errous sulphide is comparatively rare in nature, w-hile iron pyrites, 
Is exceedingly common. The latter'—iron disulpliide, FeSg — can 
]>e made artificially by gently heating ron with an excess of sulphur at a 
low red heat — about 500 °; at 700 ° it loses sulpimr, forming ferrous 
sulphide, FeS. The term pyrites is derived from rnfp, fire, in allusion to 
the production of sparks when a piece is sharply struck. Iron p^Htes 
occurs in two forms ; one, pyrite, has a specific gravity about 5 * 1 . It 
crystallizes in tlie cubic system, is but very slowly oxidized in air ; the 
other, marcasite, has a specific grartty about 4 * 8 , crystallizes in the rhombic 
system, is less stable than pyrite, and is oxidized comparatively quickly 
in air, and on this account marcasite has been largely used in the maim-' 
facture of “ copperas,” ferrous sulphate. The former has been prepared 
artificially ; the latter has not. The stable suiphldes—cinnabar, sphalerite, 
and pyrite — are obtained by crystallization from alkaline solutions, and 
the unstable forms — metacinnabasite, wurtzite, and marcasite — from acidic 
solutions. Some sulphur is made by the dry distillation of iron pyrites — 
the reaction is symbolized SFeSg — Fe3S4 4- Sg ; and attention is usually 
drawn to the analogous reaction SMnO^ — Mn304 4- Og, although the 
formation of Fe3S4 has not been established with certainty. Pyiite 
is not acted upon by dilute acids, but hot concentrated hydro- 
chloric acid decomposes it, forming hydrogen sulphide and sulphur. If 
heated in hydrogen, sulphur is evolved and ferrous sulphide remains. 
When pyrite is heated with hydrogen dioxide, one atom of sulphur is 
liberated for every tliree atoms oxidized to sulphuric acid, while with 
marcasite, half the sulphur is oxidized to sulphuric acid, and half is liberated 
as suiphur. Hence, E. Arbeiter ( 1913 ) represents the molecules ; 

S<»J|>S S.<||>lfe F.4f>0o 

Pyrite. Marcasite. Mispickel. Glaixcodite. 

When heated in air, pyrites and many other sulphides of iron produce 
ferric oxide and sulphur dioxide. This action is partly due to the stronger 
acidic properties of oxygen over sulphur, and also to the volatility of 
sulphur dioxide which removes sulphur from the zone of the reaction. 
Many sulphides, e,g. lead sulphides, form sulphates when heated in air. 
I^agmtic iron pyrites, or feiTOSoferric sulphide, also called pyrrhotim, 
or pyrrhoiiie, supposed to be in the ideal case: F63S4, is the sulphur 
ansdogue of magnetic oxide of iron', Feg04.' ‘The ratio Fe : S varies a great 
deal in native specimens ; their competition is said to range from 
to Fe^gSi^, chiefiy This is taken to mean timt the minerals are 
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prof3al)lY mixtures of different sulphides, and may be of sulphur, etc. 

There is some difference of opimon as to whether the crystals of pyr^ 
rhotite are inonoclinio or rhombic. Since the sulphur sublimes in vacuo 
from pyrrhotite at 530^^^ wMe free sulphur sublimes in vacuo at 60*^ to 70°, 
and ha.if the sulphur x>asses from pyrite at 430°, pyrrhotite cannot be 
either a mixture of pyidte and ferrous suliffude, or a solid solution of sulphur 
in ferrous sulphide, but is rather a solid solution of ferrous sulphide and 
an iron compound rich in sulphin*. Nickel sulphide melts at 797° ; cobalt 
sulphide at 1100°, and manganese sulphide at 1620°. 

J 11, The Action of Hydrogen Sulphide on Metallic Salt Solutions, 

Justvw von :Liebig raised hydrogen sulphide to the dignity of a group 

reagent in the analysis of eomiiiex mixtures. As a group reagent it plays i 

so important a role that all attempts to displace it by anotlier reagent have 
not been successful. Wherever chemical investigations are carried on it j| 

is well-nigh indispensable. — E. Goldschmidt. 

Hydrogen siilpliide is a valuable reagent. Its reactions with the 
different metallic salts enable the metals to be separated into groups as a 
preliminary to more detailed examination. Thus — 

I. Sulphides insoluble in dilute acids. 

(a) Soluble in allialine sulplndes—arsenic, antimony, stannic, gold, 
germanium, molybdenum, tellurium, tungsten, iridium, and 
platinum sulpMdes. 

{h) Insoluble in alkaline sulphides — mercury, silver, lead, copper, 
bismuth, cadmium, and stannous sulphides. 

II. Sulphides soluble in dilute mineral acids, but insoluble in the pre- 

sence of alkalies — ^iron, cobalt, nickel, manganese, and zinc sul 
pMdes. 

III. Sulphides not precipitated by hydrogen sulphide — chromium, — 

aluminium, magnesium, barium, strontium, calcium, potassium, 
and sodium. Chromium and aluminium are precipitated as 
hydroxides. ^ 

The method of classifying certain elements into groups — those which 
form soluble and those which form insoluble sulxAides in hydrochloric 
acid — ^frequently conveys wrong ideas of the profserties of the sulphides. 

The solubility of the sulphides depends upon the concentration of the 
a<iid. For instance, if hydrogen sulphide be x)assed into 5 c.c. of a solution 
of 2 grams of tartar emetic— potassium antimonyl tartrate — in 15 c.c. of 
hydrochloric acid (sp. gr. 1*175) and 85 c.c. of water, antimony sulj^hide 
will be precipitated, but not if 15 c.c. of hydrochloric acid had been 
employed without the water. In one case, 2 SbCl 3 + == -|- 

6HGi audinthe secondcase, Sb^ga + 6HC1 = SH^S + 2SbCl3. In other 
words, the antimony sulpMde, in the second case, is decomposed by the 
acid as fast as. it is formed. Similarly, no lead will be precipitated by 
hydrogen sulpliide from a solution containing 3 per cent, of hydrochloric i 

acid, HGI ; and if the solution has 2*5 per cent, of acid, the lead sulphide 
wdll be imperfectly i)recipitated': — part will be precipitated, and part 
will be dcf composed as fast as it is formed. Similarly, a 5 per cent, boiling 
solution of liydnxdilorie acM will .prevent the precipitation of cadmium 
sulphide. 
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If a metallic sulphide, MS, foe treated \\dth hy(iroclik>ric acid, hyfirogea 
sulphide and a nietaliic chloride mil be formed ; !MS ~r 2HCi — ^IClj, 
"h H^S, Coii'^mrsely, -when a metallic chloride in aqueous solution is 
treated with hydrogen sulphide, the metallic sulphi<Ie and hydrocldoric 
acid -will be produced : MCIg + HgS — MS + 2HCL Hydroehiorie acid 
thus accumulates in the solution as the action goes on. If ara- niore 
sulphide be produced, after the hydrochloric acid has attained a certain 
limiting concentration, the excess of sulphide wdl foe at once d€?coiiiposed 
by the acid. There are then two simultaneous opposing reactions: (1) 
Formation of the metallic sulphide and hydrochloric acid ; and (2) forma- 
tion of chloride and h 3 ^drogen sulphide. In iDustration, if a current of 
hyckogen sulphide be passed through a saturated solution of zinc chloride, 
part of the metal is i^recipitated, but W’-hen the hydrochloric acid has 
attained a certain concentration, the action apparently ceases l,)ecause the 
reverse change sets in. Hence the precipitation will be incom|)iete. In 
illustration, take the case of lead chloride : 


PbCl. HgS ^PbS 4- 2Ha 

When equilibrium is established, the solution contains lead cliloride, 
hydrogen suli>hide, and hydrogen chloride. Using symbols in square 
brackets to represent the concentrations (gram-molecmles per litre) of the 
respective compounds in the solution, it follows from the equilibrium law, 
that: 


[PbCla] X [B.S] 
[HOI] a 


= Constant 


This shows that if the concentration of the acid be increased, and the 
concentration of the hydrogen sulphide be constant, the amount of lead 
chloride which remains in solutions (that is, escapes precipitation) 'wM 
increase in order to keep the numerical value of the “ constant always 
the same. Conversely, if it be desired to keep the amount of lead chloride 
in the sokition as low as possible, it is necessary to keep the concentration 
of the acid down to a minimum value. A certain amount of acid is usually 
required to keep other metals in solution ; zinc, for example. 

The concentration of the hydrogen sulphide in the solution is practi- 
cally constant (0*0073 gram-molecules per litre at 20^) ^vhen the gas is 
passing tlirough the solution. If the concentration of the hydrogen 
sulphide were largo and the concentration of the metallic chloride small, 
a very large excess of acid would be needed to prevent metal being 
precipitated b 3 ^ the hydrogen sulphide. It will be observed, however, 
that tile concentration of the hydrogen sulphide under ordinaiy circum- 
stances is small. In consequence, a comparatively small amount of acid 
suffices to prevent the separation of sulpliide-s of zinc, iron, nickel, cobalt, 
manganese. If the solubility of the hydrogen sulphide had been greater 
than it is some of the metals — ^zinc, iron, nickel . . . would have been 
included in the hydrogen sulphide group ; and conversely, had the 
solubility of hydrogen sulphide been less than it is, some of the present 
members of the hydrogen sulphide group ** would not have been there. 
For instance, tin, lead, cadmium. . . » • 

The reaction with metal salt solutibiis .and hydrogen sulphide is not 
always reversible. This is not because, the equilibrium law has broken 
down, but rather because a consecutive reaction follows the precipitation 
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.')! fehe inei:al sulphide whereby the sulxdrido fn-st precipitated changes 
iuto a diderent, maybe less soluble^ variety. This may also exjalain the 
iocoinxdote reversibility of the reaction between hydrogen sulpliido and the 
zinc salts. 

Under ordinary conditiojis, the solubilities of tho sulphides in hydro- 
chloric acid, starting \^ith the least soluble, are ap)proximately in tho order ; 

As, Hg, Cu, Sb, Bi, Sn(ic), Cd, Pb, Sn(ous), Zn, Fe, M, Co, Mn. 

Eiemeuts wide ax)art in the Est can be easily separated by hydrogen 
sulphitio in acid solutions, but elements close together in the Hst require 
a very careful adjustment of the amount of acid in solution before satis- 
factory separations can be made. For instance, the separation of caclmiuia 
or lead from zinc by means of hydrogen sulphide is only satisfactory when 
the concent ration o f the acid is very carefully adjusted. If too much acid 
be present, cadmium or lead will be im'perfeetly precipitated ; while if 
too little* acid be present, zinc vdli be precipitated with the cadmium or 
lead. Hence there is no sharp line of demarcadion between metals pxG- 
cipitated and metals not precipitated by hydrogen snijohide from acid 
soiutious. All depends upon tho concentration of the acid. This is arbi- 
trarily adjusted so that antimony, arsenic, lead, bismuth, cadmium, 
copper, mercury, and tin are precipitated by making the volume of the 
solution such that it contains approximately 10 c.c of hydrochloric acid 
(sp, gr, 1T2) per 100 c.c. before passing the hydrogen sulphide. The 
aluminium, iron, zinc, nickel, cobalt, and manganese salts will be found in 
the hltrate. Barium, strontium, calcium, and magnesium salts will also 
be found in the filtrate along with the alkalies, because the sulphides of 
these elements are attacked and decomxDOsed by water and by acids, 
Mjj, GajjS -f 2 H 2 O ^ Oa(OH )2 + Ca(BH)a, 

The above remarks can easily be translated into the language of ions. 
The precipitation is then supposed to x^roceed according to the equation s 
W + 2ES^M(BBk + 2W; or ir + H^S ^ MS + 2H:. That is, 
tho bivalent ion M'* reacts with the hydrogen sulphide, forming the 
sx>arlngiy soluble MS, or M{HS) 3 , which precipitates. In the process, 
hydrogen (acid) ions, H*, are formed. Tho hydrogen sulphide is itself 
supposed to be ionized in aqueous solution as in^cated above : H^S ^ H* 
-b HS^ ^ 2H* + The metal oliloride, say, is also ionized : MCig = M •* 
+2CE. Hence the solution may bo supposed to contain MCI^ + H^S ^ M*! 
4* 2Cr4’ When the solubility product [M“] x [S^^] is ex- 

ceeded, the solid MS separates froxn the solution, leaving hydrochloric acid 
ions behind : 2H' 201'. A further amj>lification on the lines indicated 

la the text can now be made. Here, as elsewhere, it makes very little 
difference which mode of expression bo used. Tho facts will stand for 
ever, and they are independent of fashion, taste, or caprice ; the language 
used in describing the facts, like other customs, changes according to the 
prevailing or fashionable hypothesis, for, as T. Bergman long ago observed, 
fashion Eequently determines arbitrarily v/hat are to be considered as 
fictions, what as misrepresentations, and what as omissions. 

I 12. Hydrogen Persulphide, or Hydrogen Disulphide; 

H dilute hydxoohlorio acid be poured into a solution of sodium poly* 
TOpMd©, !my, mMk :ol .sulphur is precipitated (p. 480); 
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^ 2HC1 = 2NaCi -p HoS +'4S. On tlie contrary, if tiie potyauIpMde 
be ponred into the acid, little or no hydrogen sulphide is e-v'oh’ed, and a 
yellow oily liquid is obtained* This was once considered to be a mixture 
of hydrogen pentasulphlde, HjjSg, with other hydrogen polysiilpbides* 
When the oil is distilled under reduced pressure, the fraction which is 
obtained at 69'^ under a pressure of 2 mm* of mercury is a pale yellow oil, 
with a molecular weight- by the freezing-point method, corresponding %vith 
H 2 S 3 — ^hydrogen trisulphide. The fraction which distils at 74'’''~-Tr>®j, 
under atmospheric pressure, has the composition H^S^. This is hydrogen 
disulphide or hydrogen persulphide. The persulphide dissolves in benzene, 
forming a clear solution. Hydrogen persulphide is a colourless oily Hquki 
with a specific gravity 1*376. It has a pungent irritating smell, and 
decomposes gradually into hydrogen sulphide and siiiphur. The decom- 
position is faster in presence of -water, and particularly alkalies. Mere 
contact with glass, paper, dust, etc., induces rapid decomposition. Hydro- 
gen persulphide burns with a blue flame. Like its analogue, hydrogen 
peroxide, it has oxidizing and reducing qualities. 

Hydrogen trisulphide, HgSg, prepared as just described, resembles the 
persulphide in many of its properties, but its specific gravity is l'49f3, and 
it solidifies between —52^^ and —54*^* The three hydrogen sulphides— 
HgS, and H^S^ — are all the hydrogen polysulphides whose individu- 

ality has been clearly demonstrated, although a whole ranging from 
HoSs to HgSg has been reported. There is a certain analogy between 
HqO and HgS ; and between HgOg and IIoBo. The hydrosulphides are 
particularly interesting, for they bring out the peculiar property cf sulphur 
atoms to form chains in which hydrogen can be replaced by an SH group t 


^<SH 


n .S— SH 


Hydrogen Hydrogen Hydrogen Not knovn. H5?-(;Irogen 

monosulphide, distilphide. trisuiphide, pentasulpMdo. 

These are sometimes called chain formulas ; the pentasulphlde, for example, 
is virt<ually H — S — S — S — S — S — This is D. I. Mondeleeff^s method 
of representing the constitution of the hydrogen sulphides. Several 
other schemes have been proposed, but no decisive evidence is available 
to justify one in j)reference to another. I, Bloch and F. Holm (1908), 
indeed, assume that two or even three isomeric modifications may exist in 
equilibrium, side by side, at any given temperature : 

g=S<i H-S— S— H ; S=S=S<l?d: S=S<®„v=^H— S~S— S— H 

.ri xi bil 

Hydrogen persulphide. Hydrogen trisulpliide. 

Bis assumed that at low temperatures MendeMefii^s chain type of molecules 
predominates ; and at higher temperatures, when the colour darkens, that 
the more condensed type of molecules prevails. 


§ !$• Sulphur Chlorides. 

The study of the sulphur chlorides throws an interesting light on the 
valency of sulphur, and also on the constitution of some other sulphm* 
OOmpounds. , ' 

Sulphur chloride. — When , dry ’chlorine is passed into sidplmr heated 
in a. retort, Ifig. I71i, the two-elements opmbine directly^ forming sulphur 
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clilorkle — — wJiioii coliecis in the receiTcr B, ecoled hj a current ol 
cold water, as a yellow liquid. The oil is pmificd by redistilktion. The 

pale yellow liquid when pui’e has 
jj I a pungent smell* It boils between 

^ lOS"" and 140°. The liquid fumes 

in moist air and is decomposed 
I 5y water, forming sulphur 

I ] \ dioxide. Iij^drocliloric acid, and 

\\\ sulphur: 2S2CI2 +SH2O = 4HC1 

I if if +HoSOj 34^SS. Sulphur chloride 

ft J is used as a solvent for sulphur in 

them anufacture of rubber goods ; 
for decomx>osing some minerals 

Fi«.171.-Preparatlko£ Sulphur boride PfF^™S 

^ some anhydrous chlorides. Its 

vapour density is 67*5 (H2 == 1)? 
coiTespoiicIing with the molecule SgClg, not SCI. Hence sulphur mono- 
cliloride does not appear a very apiU’opriate name for this compound. 
Sulphur ciiloride has the normal molecular weight in freezing benzene, 
and a partially polymerized molecule in boiling benzene or carbon tetra- 
chloride. Selenium furnishes a similar selenium monochloride, SogClg. 

Sulphur dichioride, — If chlorine be passed into sulphur chloride, ceded 
in ice, a garnet-red liquid, said to be SClg, is obtained : SgCl^ -f Clg = 
2SOI2. A mixture of liquid chlorine and sulphur chloride, SgClg, in a sealed 
tube, at about 15°, gradually passes into a similar product. The molecular 
weight by the freezing point method in xylene, hromine, acetic acid, etc,, 
corresponds with the molecule SCig. It freezes at —80° ; and it can be 
distiiled with but little decomposition under reduced pressures. 

Sulphur tetrachloride. — ^If the temperature be still further reduced to 
—22°, stin more cMorine is taken up by sulphur chloride, and sulphur 
tetrachloride, SGI^, is formed : SgCla + SCl^ = 2SCI4. The red liquid 
begins to decompose into sulphur dicMoride and chlorine directly it is 
reniovod from the freezing mixture at —22°. It freezes to a yellowish 
W’hite solid between —30° and —31°. Sulphur tetrachloride unites with 
gold chloride and with staxmic ciiloride, molecule for molecule, forming 
double compounds, e.g, SnCi4.SC4, 

Bromine forms sulphur bromide, SgBr^, when heated with sulphur, but 
the existence of sulphur iodide is doubtful, because the product jjrepared by 
the evaporation of a mixed solution in carbon disulpbide, though sold 
oommeroially as sulphur iodide, is considered to be a mixture or a solid 
solution. H. Moissaii has isolated a sulphur hexafluoride — SEg — ^which is 
formed by the action of fluorine upon sulphur. The gas solidifies at —55°, 
and the liquid boils a few degrees higher. The gas is comparatively stable 
and inert chemically. These compounds of sulphur are interesting from 
the point of view of the valency hypothesis. Here is stiong presumptive 
evidence of the variable valency of sulphur ; and almost conclusive 
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It might be supposed that the properties of the sulphur fluorides would 
be analogous with those of the chlorides, but the resemblances are not very 
close. The fluorides are more stable than the chlorides. 


Questions. 

1. Describe the preparation of dry sulphuretted hydrogen from ferrom 
sulphide and outline experiments by which (a) hydrogen, (6) sulphux' mn he 
separated from it. Explain carefully why the molecular formula HoS is assigned 
to sulphuretted hydrogen, — Sheffield Unit\ 

2. Give an account of the occmTence of the element of sulphur, and its com- 
pounds in nature. Describe the preparation and properties of the various modi- 
fications of suiphur.^ — SL Andrmvs Unh\ 

3. Explain fully* the meaning of the symbolic equation : FeB -h 21101 — Fel'L 
-f- H 2 S. If 6*S grams of ferrous sulphide are taken, what would bo the weight 
obtained of each of the substances on the right-hand side of the nation {Atomic 
weight of iron = 06 ; sulphur 32 I chlorine 3 oi}- — Oxford Junior Locals* 

4. What do y^ou know regarding the general behaviour of metallic sulphides 
towards (a) water, (b) hydrochloric acid, (c) caustic soda ? Give equations. — SL 
Andrews Univ. 

5. You are required to convert a given weight of sulphur into hydrogen 
sulphide as comx>letely as possible, How would you proceed V What "are the 
reactions of gaseous hydrogen sulphide ros|>ectively with (ct) gaseous ammonia, 
(6) aqueous sodium hydroxide, (c) aqueous copper sulphate, and (d) gaseous 
sulphur dioxide ? — Univ. North Wales, 

6. If the heat of formation of HgO is 21*5 Cals. ? and of HgO.HgClg, 41 Cals, ; 
while if chlorine monoxide is an endothermal compound absorbing’ 18“ Cals, when 
it is produced, how do you explain the formation of chlorine monoxide by the 
reaction 2 CI 2 + 2HgO = Hg^OClj, -p CI 2 O, in, harmony with the principle of 
maximum work? 

7. How does sulphur occur in nature, and bow is it obtained as stick sulphur 
and do’wers of sulphur ? Describe the changes wdiich sulphur imdergoiE^ when 
heated, and give some account of its allotropic forms, — New Zealand Univ, 

8. Crystals of native sulphur differ in their forms from crystals deposited from 
melted smphur. Describe each form and name the system to whicli it belongs. 
The vapour density’- of sulphur is said to be abnormal at 500® and normal at 
1000®, Explain the meaning of these statements, — London Univ, 

9. What metallic solutions undergo the following changes when sulphuretted 
hydrogen is passed through acid solutions : — (a) First a reddish then a black 
precipitate, (6) first a white, then a dirty yellow, afterwards a black precipitate ? 
— Science and Art Dept, 

10. Cadmium yellow of commerce is a cadmium sulphide prepared by precipi- 
tating a cadmium salt with hy’-drogen sulphide. Cadmium was dissolved in dilute 
nitric acid so as to make a solution containing 21*2 per cent. CV^NOalg, how much 
cadmium and hydrogen sulphide are needed for treating 2 kilos, of solution t 
J. Bornemann, StocMometrie^ Leipzig, 1909. 
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COMPOUNBS 0 ,F SULPHUE WITH OXYCEH 

§ 1 . Sulphur Dioxide-- Occurrence and Preparation, 

iMoK-eular SUo 04-07. jHoItiiig point, — 73* | boiling point, — 8“’. 

Rektivs dsiidty “ (air — 1), 2*264, 

Occurrence. — Sulplmr dioxide is found among the fumes from volcanic 
vents ; in the springs of volcanic districts, and in the air of towns where 
it is derived from the sulplmr compounds in the coal. 

History, — ^Idie use of sulphur for disinfecting purposes has been known 
from very early times. It is referred to in Homer where Odysseus, a,fter 
the slaughter of the suitors, and probably recognizing the need for a general 
cleansing, calls : 

Quicldy, O Nui’se, bring iire that I may bum 
Sulphur, the cure of ills* 

J. Priestley ( 1770 ) prepared the gas by the action of hot concentrated 
sulphuric acid on mercury. Priestley called it sidphurous acid. 

Preparation. — Sulphur dioxide is formed when sulphur burns in air: 
B -|- O2 — BOg. Between 6 and 8 per cent, of the sulphur is siinxiltane- 
ously oxidized to sulphur trioxida, SO3. If the sulphur be bxirnt in oxygen 
gas between 2 and 3 per cent, bums to sulphur trioxide. ^ The nitrogen 
in the air seems to favour the production of sulphur trioxide, whereas 
moisture and carbon dioxide do not affect the result appreciably. The pro- 
portion of sulphur trioxide formed increases with the pressure. When 
sulphur is oxidized by a peroxide — e,g, manganese peroxide — sulphur 
dioxide is formed : MnOg + 2 S MnS + SOg. Sulphur dioxide is also 
formed when the sulphides of some metals are roasted in air — e.y. iron or 
copper pyrites ; 4Fc^2 + HOg = 2^6263 -p SSOg, TMs reaction is very 
commonly, used for making the sulphur dioxide employed in the 
manufacture of sulphuric acid. 

The most convenient laboratory process, for small quantities, is to de- 
compose commercial sodium bisulphite with concentrated sulphuric acid. 
A concentrated — 40 per cent. — solution of sodium bisulphite, ISTaHSOg, 
is placed in a flask, which is then fitted with a tap funnel containing con- 
centrated sulphuric acid, as indicated in Fig. 50 . The gas can be washed 
by passing it through concentrated; sulphuric acid. The reaction is svm- 
Ulimd ; HaHSO^ -f H2SO4 + H^O + BOg. The same gas 

^ TIi« proHene-e of Biilphur trioxide in, tha sulphur dioxide formed ■when suli>hur 
bums la air aooounts for the &ggy appearsace of the gas. This will be under* 
stood when the pro|»rti©s of the' tiiossdde-have been studied, 

'602 ' ' 
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is made by redueing sidphnrie acid with ehareoa], sulphiu’, sih'er, co]>|»er, 
or mercury* The charcoal process is used on a manufaeturing scale u hen 
the presence of carbon dioxide* a by-product of the- reaction, is not 
detrimental ; for instance, in tho manufacture of sulphites. Tlio react ion 
is rei>resented : C + 2H.^S04 = -f CO^ -f 2BO2. When sulphiu' is 
the reducing agent, the sulphur is simultaneousiy oxidized to sulphur 
dioxide : B -f 2H2SO4 = 2H2O -f In practice, tho action Is slow 

because the sul]>hur melts and ofefS but a small surface to the action of 
the acid. Copper and suipliurie acid are often employed in the laboratory 
when tiie bisuipliite process is not conYenie-TiC Half fdl a flask with cop[^er 
turnings, and. add sufficient snlphtiric acid to not quite com* ail the copper. 
The gas comes of -wlien tho hask is gontly wanned, "^rhe apparatus is 
illustrated in Fig. 103 , wltere two washing- bottles containing eorujcntrated 
Bidphuric acid are shown attached to the delivery tube in order to dry 
the gas. 

The reaction is somewhat complex. It is usually syinboliKcd i On 
+ 2.H2SO4 ==: OUSO4 -f 2H2O -f SOg. It is possible that the fii'st action 
resembles the effect of zinc on (liiute Bulphuiic acid wdrerely hydrogen 
is developed : Ca + HaSO^ = CuSO,| + H^. The hydrogen reduces the 
sulphuric acid to sulphur dioxide : H2 + ?= 2H2O -f SOg. In 

aonfirmation of this view hot concentrated sulphuric acid is reduced to 
sulphur dioxide by passing h5^clrogeii through the liquid. Some of the 
sulphuric acid is possibly reduced to hydrogen sulphide. T. CundaJl 
( 1914 ) has shown that in addition to this reaction euxn’OUB sulphate is 
probably one of the iii’st products of tlie reaction at comparatively low' 
temperatures : 8Cu -f 4H2SO4 ■"= SCugSO^ + ^^2^ "b *11120, and the 
cuprous sulphate reacts wdth suix>hurio acid, forming cuiprmis Bulpliido and 
cupric sulphate t SCuoSO.^ -f 4HaS04 = CugS -j- 8CUBO4 + 4 B’« 0 . The 
formation of cuprous sulx)hide can be showm by diluting the reddish-brown 
solution of copper in sulphuric acid and iiltering through a Gooch’s crucible, 
A rad precipitate of oopi)or is obtained : CugS04 OuSO^ + Yhe 
formation of cuprous sulphide is deduced from the fact that the reddish- 
browm liquor, on w^arming or standing, darkens and deposits a gi'cyisli- 
black precipitate of cuprous sulphide. Them are a number of secondary 
reactions, since if the reddish-brown liquid be strongly heated, a greenish- 
black precix)itate of cupric suiplxide is de^Kxsited ; Cu^B -f- 2H2SO4 
= CuS + CuSO^ SHgO -f SO2, and if heated with sul]>hurio acid, the 
cupric sulphide dissolves and is converted into the sxdphaio with the 
evolution of sulphur dioxide : 2 CuS 4 - 3H2SO4 = 2CnS()4 -|- BOo. The 
production of hydrogen when sulphuric acid acts on copper is e vidence-d by 
tho formation of aniline, CgHs.NHa, when the action lakes place at 130 ^ 
in the presence of nitrobenzene, CgHg.NOg, biit this does not really prove 
that the hydrogen is even momentarily free, 

§ 2 . The Properties of Sulphur Dioxide* 

Sulphur dioxide is a colourless gas with, a smell characteristic of burning 
sulphur. Sulphur dioxide is an acute Mood poison. According to Ogata 
( 1884) 0-04 per cent, in air causes a difficulty m- breathing after a &w1ioura. 
Sulphur dioxide is also injurious to ve^tatlon> and it Is one of the ** noxious 
vapours ’’ complained about in manufaoturfug distrlets* 
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k lieneo called sulphurous acid, and is represented by the formula H2SO3. 
The gas itseil is accordingly called sulphurous anhydride. The dissolved 
gas is all expelled on boiling the aqueous solution. The existence of the 
<jompound H2SO3 is inferred from analogy with other acids, and from 
the general behaviour of aqueous solutions of the gas. The solution 
probably contains both dissolved sulx^hur dioxide and sulphurous acid. 
At 0^ a crystalline hydrate — SO2.6H2O, or H2SO3.5H3O — ^is obtained ; 
but several other crystalline hydrates have been reported. The aqueous 
solution readily decomposes into sulphuric acid and free sulphur when 
exposed to h‘ght : SHgSOg = S + 2H2vS04 -f HgO. 

The action of cold. — The gas is easily liquefied. A pressure of 1*5 
atmospheres suffices for the condensation of the gas at 0° ; and at — 10° 
the gas liquefies under ordinary jDressures. It 
is therefoi'e sufficient to thoroughly dry the gas 
I obtained by the action of copper on sulphuric 

^ ^ i| acid by passing the gas through a couple of 

wash-bottles as indicated in Fig. 103, and then 
lead the gas through a condensing tube, Fig. 172, 
^ ^ immersed in a freezing mixture : the freezing 

I mixture is omitted in the drawing. The gas 

I condenses to a clear, colourless, transparent, 

I <2350®^^ limpid liquid which boils at —8° and solidifies 

I ^*11 g at —70° to a white snowlike mass. Liquid 

I llli ^ sulphur dioxide is sold commercially in thick 

I ^ glass “ syphons,” and where available, the 

“ syphons ” are used as a source of sidphur 
dioxide for laboratory work. By the evapora- 
Fig. 172.-— Gas Con- liquid sulphur dioxide a temperature 

densffigTube, approaching —50° can be obtained. Hence 

like ammonia and carbon dioxide, sulphur di- 
oxide is used as a refrigerating agent. Liquid sulphur dioxide is a good 
solvent for phosphorus, iodine, sulphur, resins, etc. The conductivity of 
these solutions m sometimes greater than that of aqueous solutions. 

Dissociation of sulphur dioxide. — ^V^^hen the gas is jiassed through 
Devillek hot and cold tube,” Fig, 85, the surface of the silver tube is 
blackened owing to the formation of silver sulphide ; at the same time, 
sulphur trioxide can be detected in the products of the reaction. Dry 
sulphur dioxide dissociates appreciably at 1200°, into sulphur and sulphur 
trioxide : SSO^ S + SSOg ; and the moist gas into sulphur and 
sulphuric acid: H2SO4* like hydrogen sulphide, sulphur dioxide is 
decomposed by a series of electric sparks with the deposition of sulphur 
on the glass in the vicinity of the sparks. The reaction appears to be 
SSOg S 4“ 2SO3. If a beam of light be sent through a long cylinder of 
at first, the gas appeara.to.be clear and transparent, hut in a few 
mluttiw the gas appears to, decompose# for misty wavering striae appear# 
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and gradiialiy the whole tube appears to be filled with a fog. This action 
of light in certain gases is sometimes called Tyndall’s effect. In the present 
case the effect appears to be due to the decomposition of the sulphur 
dioxide, probably SSO^ = 2SO3 + S. If left a short time in the dark the 
gas becomes clear owing to the recombination of the sulphur and sulphur 
trioxide, or to condensation of the solid products on the walls of the 
apparatus. 

Oxidizing properties. — Sulphur dioxide is incombustible and a non- 
supjDorter of ordinary combustion. Some substances are able to burn in 
the gas by abstracting its oxygen. In this way, sulphur dioxide appears to 
act as an oxidizing agent. Ignited magnesium ribbon, for instance, con- 
tinues to burn in the sulphur dioxide. Potassium, calcium, tin, lead, iron, 
arsenic, and antimony also burn when the finely-divided element is heated 
in an atmosphere of sulphur dioxide. The products of the reactioir are 
oxides, sulphides, and occasionally free sulphur. Sui|>hur dioxide is 
decomposed by carbon at a high temperature : 2SO2 + • 2C0 + CO3 

-f 2S, Sulphur is deposited when hydrogen sulphide and sulphur 
dioxide are brought into contact, say by placing a jar of sulphur dioxide 
and of hydrogen sulphide mouth to mouth. The gaseous exhalations from 
some volcanoes contain these two gases ivhich, on mingbng together, 
mutually decompose with the formation of sulphur (p, 472) : 2H2B + SOg 
= 2H2O -f 3S. This reaction does not occur if the gases are thoroughly 
•dried, .• ' ' 

Freslily precipitated sulphide of iron, manganese, or zinc is readily 
dissolved by concentrated sulphurous acid, v/hilo sulphide of nickel or 
cobalt is dissolved with difiaculty. The reaction has been recommended 
as a means of separating ferrous sulphide from titanium and zirconium 
hydroxide. The primary action of sulphurous acid on the sulphides 
in question is a double decomposition, MS + HgSO^ = MSO3 + J 
liberated hydrogen sulphide is oxidized by the sulphur dioxide, forming 
a thiosulphate, MSgOg, thus : 2MS + SBO^ — 2MVS2O3 + S. Ho other 
sulpho-salts have been reported, although it is usually considered that 
dithionates, MSoOg, are also produced. If the sul|)hurous acid be in great 
excess, acid sulphites, MCHSOs)^, may be formed. 

Composition of sulphur dioxide. — ^Whea sulphur burns in oxygen, 
no change in volume occurs when the gas is cooled. The aj>paratus shown 
in Fig. 170 or Fig. 253 can be used. Taken in conjunction with Avogadro*s 
hypothesis, the experiment proves that sulphur dioxide contains its owm 
volume of oxygen j that one molecule of sulphur dioxide contains two 
atoms of oxygen, and that the formula of sulphur dioxide is where 
n is to be determined. Again, the relative density of sulphur dioxide 
is 64*046 (Hg == 2). Hence : 

One grain-moleeule of sulphtir dioxide weiglis . , . 64*05 

One gram-moleculo of oxygen weighs ..... 32*00 

Weight of sulphur in the molecule ..... 32*05 

The number 32*05 can represent one and only one atom of sulphur if 32*07 
be the atomic weight of sulphur, since the two numbers are nearly the same. 

The salts of sulphurous add. — ^Two, series of salts exemplified by 
KHSOg and KgSOg are known j the former are the add sulphites or the 
bisulphites, and the latter the normal sulphites. Hence sulphurous acid 
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is dibasic. Vv itii the exception of the alkaline salts, most of the sulphites 
are sparinglv soluble in, water. The alkaline sulphites are alkaline to 
litmus. If the sulphites are treated with strong acids, the anhydride, 
BO.,, is evolyed as indicated in one of the methods of preparation. The 
sulphites decomposse on heating -with the formation of sulphates : 
4Ma2803--»3Ma2S04 + Ha2S; the bisulphites first lose , HaSO^ .. before 
decomposing in this way : 2NaB[S03 «-> NagSO^ + H2SO. The sulphites, 
as well as sulphurous acid itself, arc readily oxidised. The presence of 
glycerine or sugar retards the rate of oxidation, possibly because the more 
yis<’id solutions otler some resistance to the free circulation of oxygen in 
the fliukl. The monobasic acids HRSO3 — ^’here R is a radicle: CHg, 
CgHg, etc.— are called sulphonic acids ; and the monobasic acids of the 
type: HRSOar sulphinio acids. 

Reducing properties of sulphur dioxide. — Sulphur dioxide is a 
powerful reducing agent. It reduces permanganates to manganous salts ; 
chromates to chromic salts ; ferric to ferrous salts, etc. The latter re- 
action is often used in analytical work for the reduction of iron previous 
to its determination by volumetric processes. 

The bleaching efTects of sulphurous acid are due to its reducing pro- 
perties. Moistened rod rose-leaves, or fabrics dyed with, say, magenta ” 
dye, when placed in the gas lose their colour. The sulphur dioxide appears 
to react with the colouring matter, forming sulphuric acid and hydrogen : 
SO2 - 4 " — HoSO^ + Hg, and the nascent hydrogen bleaches by 

reducing t.he colouring agent. This idea is supported by the fact that the 
colour of many articles bleached by sulphur dioxide can be restored 
by exposing the article to oxidizing conditions. The familiar yellow colour 
which gradually comes to bleached sponges, flannife, etc., is an example. 
The colour of bleached rose-leaves gradually returns when the rose- 
leaves are exposed to the air, or when the bleached leaves are dipped 
in dilute sulphuric acid. This shows that the colouring agent is not really 
destroyai dixriiig the bleaching. A coloured dower quickly drawn through 
the dame of burning h3’drogen sulphide is bleached where the dame 
touches. This is not the case with burning sulphur— -presumably o-wing 
to the absence of water. Dry siiiphur dioxide, like dry chlorine, does not 
bleach. 

An aqueous solution of sulphur dioxide reduces chlorine, foiming 
hydrocMorio and sxilphimic acids : SOg + 2H2O 4- CI2 = ^HCi + H2SO4. 
Hence sulphurous acid is used as an anti-ehior,*’ that is, as an agent to 
remove the last traces of chlorine from articles bleached with chlorine. 
The goods are dipped in a solution of sulphur dioxide, or a sulphite. The 
extended use of the tem^ reduction might here be emphasized. A reducing 
agent is a substance which can (I) remove oxygen from other substances ; 

( 2 ) decrease the non-metallic part of. a compound, e.g. SnCl4 SnCL, ; 

( 3 ) add hydrogen to an element or compound, c.g. Cl HCL The defini- 

tion of an oxidizing agent — oxidation — can also be extended in the con- 
verse manner. " '■ 

When sulphiir dioxide m pteaed dVer'Iead peroxide, the reaction, PbOg 
4 RbS04, ocotursji and the mass glows brightly. The sulphur 
moxide km reduces the 'afed. BMium |»eroxide, when dusted 

cylinder of the gas^ glowB.;foi%bMy owing to the heat evolved during 
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Action on h 3 rdrogen iodide.— Sulphur dioxide reduces iodine in 
hydrogen iodide, HI, in the presence of water : SO^ 4 - 2HoO -f- L, 2HI 
-I-' H 2 SO 4 . The reaction stops when a certain amount c»f Inxlrcgcu UAkle 
has been formed — about 0*05 per cent, of acid. Again, as K. Biuisen 
showed in 1853, concentrated solutions of hydrogen iodide are oxidizi-ts 
by siilphurie acid, and the latter is reduced to sulphur dioxide : 

+ 2 HI = I 2 -p 2 H 2 O + SOg. This reaction is the reverse of that; uhieh 
immediately precedes. The two opposing reactions are in ecpiilibrium 
when the speeds of the direct and reverse changes are equal. In otlier 
words, this reaction belongs to the type indicated on p. 119, and slioukl 
be symbolized : I. + SOg -f -f 2HI. This reaction is 

important because the amount of sulphurous acid or of its salts in a given 
solution can bo determined by adding a solution of iodine of known strength 
from a burette until the iodine solution is no longer decolorized. The 
equation furnishes the necessary data for the calculation. E\ erj' 253*84 
grams of iodine corresponds with 64*07 grams of sulphur dioxide. The 
amount of sulphur dioxide must not exceed 0*05 per cent, or the hack 
reaction ” will appreciably affect the results. 

Action on iodic acid. — The reduction of iodic acid, HlOg, or of an 
iodate by contact witli sulphur dioxide, results in the formation cd sulphuric 
acid, and in the libeiration of iodine : 2 HIO 3 -f 4 H 2 O -f — 5 H 2 SO 4 
+ I 2 . Strips of paper dipped in a solution of potassium iedate and starch 
turn blue in the presence of sulphur dioxide, see ‘‘ Icdic acid.” 

Sulphury! chloride. — If a mixture of sulphur dioxide and chlorine he 
exposed to direct sunlight — especially if a little camphor be present— a 
colourless liquid will be obtained which boils at 69^. The camphor acts 
as a catalytic agent (p. 160). The liquid is siilphiiryl chloride — SOgCIo ; 
and the molecular weight in freezing benzene is normal SOgCl^. When 
treated with water, H — OH, the chlorine atoms in sulphury! chloride 
can be replaced step by step by OH groups ; 
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Chlorosulphonic acid, SOoChOH). — ^This acid is best made b}' the 
direct union of sxilphur trioxkle and hydrogen chloride ; or by distilling a 
mixture of concentrated sulphuric acid with phosphorus pentadilorlde, 
PCI 5 , or phosphorus oxychloride, POClgjWdien : 2 HgS 04 + POCI 3 = HPO 3 
+ HOI 4" 2 vS 02 C 1 ( 0 H). The liquid so obtained boils at 155*3"^, and reacts 
with water with explosive violence, forming a mixture of sulphuric and 
hydrochloric acids. Sodium ffuoride absorbs sulphur trioxide -when it is 
exposed to the vapour from, fuming sulphuric acid. The product wlicn 
washed with alcohol gives a solution of sodium fluosulphonate, NaFSO^, 
and undissolved sodiunj fluoride. If the fluosulphonate is obtained by 
evaporating off the solvent, when, the ■ reftdting solid is heated with 
fuming sulphuric acid, ffuosulphonic, acid, HPBO-j, distils over. The 
fluosuiplionates arc fairly stable,,/ ; Calcium' ffuosiiiphonate, 'Ca(FS0a)a» ' 
is formed by the action of faming Sulphuric, acid on fluor^ar* PIuo- 
sulphonie acid is stable at 900^ .and_ does -not deco 3 n|K»e, as was once 
supposed, into sulphuric acid and sulphpryi fluoride, When 
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boiled with suipliur, liiiosulphonic acid furnishes liydrofinoric acid and 
sulphur dioxide : 2 HFSO 3 -{- S = 3 SO 2 + 2H3^. 

Uses.— Sulphur dioxide is used in the manufacture of sulphuric acid, 
as a refrigerating agent, as a solvent for extracting glue, gelatine, etc., 
for preserving meats, wines, etc. It prevents the growth of certain moulds, 
kills certain disease germs, etc. It is used for precipitating lime in sugar 
manufacture, as a bleaching agent for straw% silk, woollen, and goods 
too delicate for treatment with chlorine, in refrigerating machines (see 
p. 652), etc. 

§ 3. The Constitution of Sulphurous Acid and the Sulphites. 

More value is sometimes attached to a formula than that which it is intended 
to represent. In consequence of this, it has liappened that a large number 
of chemists have regarded the determination of a formula for a compound 
as the great object to be accomplished, and they have forgotten that what 
we ougiit to know, and what is of vastly greater importance for the science, 
is the chemical conduct of the compound. — 1 . Remsen. 

The empirical formula of a compound is based upon its percentage 
composition, and the atomic hypothesis ; tvhile a molecular formula, in 
addition, is coupled with Avogadro’s hypothesis. After the empirical 
and molecular formulae have been determined, the chemical properties 
of the compound are studied in order to trace the relations between the 
atoms of the molecules, and when this has been done for all the atoms in 
the molecule of the substance, the constitution of the compound is said 
to have been determixied. The result of the investigation is expressed as a 
structural or graphic forxnula. It is assumed,” as W. Lessen expressed 
it m 1880, ‘‘ that the action of any particular atom on the other atoms in 
the molecule depends on the relative position of the atom in question ; 
the properties and chemical behaviour of the molecule depend upon the 
actions of all the atoms on one another. Hence observations of the pro- 
perties and the behaviour of a compound enable us to draw conclusions 
concerning the mutal actions of the atoms in the molecule of that sub- 
stance, and the positions of the molecules relative to one another.” A 
structural formula should summarize 'what is known about the chemical 
behaviour of the compound with respect to (1) the number and kind of 
atoms in the molecule ; and (2) the relations betw^een the atoms in the 
molecule. 

There are several possible methods of representing the constitution 
of sulphurous acid, and accordingly of the sulphites. The sulphur may be 
bi-, quadri, or sexivalent : 


Q .0— OH 


0 


«^OH 




0>®<H 


,0H 


Sulphur dyad. Sulphur tetrad. Sulphur hexad. 

In one group of these formulae, the hydrogen atoms are symmetrically 
placed with respect to the sulphur atom ; and in the other group, the 
hjdropxL atoms are unsyinmetrical Our problem is to select from these 
graphic formulae the one which best represents the orientation of the atoms 
m t%e molecule of sulphurous, acid.- 

*-If dijr sulphur ''dioxide be treated with phosphorus 
p^ntachloride, PCig, a colourless liquid — ^thionyl chloride, SOClg — boiling 
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Bit 78°, is ODtained, The initiai aiid end products of the reaction are 
represented: 


0==S 



Cl Cl 

Cl = P=S<c! + Cl;i>P=0 


Sodium sulphite can be used: Ka^SOg + 2PCI5 == SOCig + 2 HaC! 
4- 2POCI3. Tliionyl chloride is also made , by the action of cHorine 
, monoxide upon sulphur at a low temperature, —12°, to prevent explosion, 
dit is also made by adding sulphur trioxide to sulphur monociiloride. at 
75 ° to 80 ° ; S3CI2 -f SO3 = SOCig + SOg + S, Tliionyl chloride has the 
empirical formula SOClg, and this also represents the molecular weight in 
freezing benzene ; in boiling chloroform, the molecular weight has twice 
this value, being (80012)3. Owing to its mode of formation from sulphur 
dioxide (sulphur quadrivalent), it is inferred that thei-e is no change hi 
valency of the sulphur atom when one of the oxygen atoms in sulphur 
dioxide is replaced by two chlorine atoms, and that the oxygen and two 
chlorine atoms are each directly attached to the sulphur, Thionyi 
chloride is decomposed by water, forming sulphurous acid. 


0=S< 


01 Hi 
01 ^ Hj- 


-OH 

-OH 


2 HC 1 -I- 0 -S<' 


OH 

OH 


This reaction is interpreted to mean that sulphurous acid has a similar 
constitution to thionyi chloride ; but the tw^o chlorine atoms of the last- 
named compound have been replaced by two hydroxyl groups derived 
from the water. Hence it is inferred that the two hydroxyl groups of 
sulphurous acid are directly united with the sulphur atom. Otherwise 


0-s4‘ 


0 ^-=S< 


■OH 


OH 


O-B-O 

Sulphur dioxide, Tliionyl chloride. Sulphurous acid* 

The constancy of structural arrangement. — It is commonly assumed 
that when an atom or group of atoms in a compound is replaced 
by another atom or group of atoms, the latter occupies the position 
vacated by the former without any essential structural change in the 
arrangement of the other atoms. This rule does not mean that the 
relations subsisting between the atoms of the molecule are not altered 
during the replacement of one atomic group by another, for the hydrogen 
atoms in, say, O^HgOOl may be more or less easily affected by certain 
reagents than the H atoms in, say, C^HgOBr. The rule of the constancy 
of structural arrangement, and the action of water on thionyi chloride, 
make it probable that the two chlorine atoms of thionyi chloride are 
directly replaced by tw^o hydroxyl groups ; but let us inquire ; 

Does the molecule of sulphurous acid contain two hydroxyl groups 
symmetrically placed about the sulphur atom ? Tf sulphurous acid 
contains its t’wo hydroxyl groups symmetrically placed, we naturally 
prefer the formula HO— BO— OH* By neutralizing potassium hydrogen 
sulphite with sodium hydroxide, and by neutralizing sodium hydrogen 
sulphite with potassium hydroxide,. . two solutions are obtain^ from 
each of which crystalline potaBsium sodium sulphite can be separated* 
In both cases compounds with idehtib^ properties, namely, poiassium 
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methyl sulphonate, CHgKSOg, are obtained when the double sulj^liites are 
treated wit-1 1 inethyl iodide, GHgl. The reaction in each case is represented i 


OH^i I + NajKSO^ - Nal + CH3KSO3 


The 3nethyl radicle CH^ thus displaces the soclium atom, but not the 
potassium atom* Consequently, if two isomeric salts, say, 

0^. .OK 


are capable of existing, the one in which the atom of potassium is directly 
eotmccted with the siiiphur atom is not stable and readily changes into 
tiie otijer. Otherwise expressed, there is at present no evidence of the 
existence of two diilerent salts, KO^SOg.Ka and NaO.SO^.K. So far as 
wo can tell, the graphic fonmdm of the sulphites correspond with two symmetri- 
CAilhj placed hydroxyl groups in sid-plmrous acid, and the formula is 
accordingly wnitten : HO — SO — OH* 

The rule of the constancy of structural arrangement ” might here 
easily lead us astray, because the fact that no isomerism has hitherto 
been detected in the compounds prepared by the tw'o different methods 
may be due to the fact that with certain radicles only one configuration is 
stable and permanent. If another configuration be momentarily produced 
it imimxiiateiy passes into the stable condition. Hence the negative 
results Just obtained do not prove conclusively that an unsymmetrical 
sulphurous acid is non-existent, although the negative results may prove 
that there is only one stable configuration of KaKBOg or of CH^KSO^ under 
the conditions of the experiment, 

Desmotropism or tautomerism. — Some compounds are knovm in 
organic chemistry which correspond with the existence of unsyminetricaJly 
placed hydroxyl groups in the sulphurous acid molecule, Tor instance, ■ 
the action of ethyl alcohol on thionyl chloride, SOClg, furnishes a com- 
pound iSOo(C 2H5)2. vSince the structural formula of thionyl chloride is 
Cl — SO — Cl, the compound formed from it probably has the corre- 
sponding symmetrical structure SO(OC2H5)2. It is accordingly called 
symmetrical diethyl sulphite. This salt hoik between 158° and 158*5°, 
and its specific gravity is 1T063 (0°). Again, the oxidation of ethyl 
mercaptan, — S — H (in which the ethyl monad radicle, C.-gHg, must 

be directly attached to the sulphur) furnishes a com}3ound of the same 
ultimate composition, but with an unsymmetrical structure, lienee, it is 
called unsymmetrical diethyl sulphite 



Syrmioetdoal diethyl sulphite. 


a g OC,H» 

Unsymraotrioal diethyl aul£)liite. 


The unsymmetrical salt boils between 213° and 214°, and its specific 
gravity is 1*1712 (0°). The . existence of these two sulphites does not 
'neewsarily mean that there -are two .difierent sulphurous acids ; for there 
may be but one stable c»n%uraticm of the acid itself under the conditions 
of tlie experiment. 

It is not unlikely that under certain conditions, and by the action 
reagents, ‘the pemtion of an hydrogen.aitQm,|u the molecule 
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can change so that it behaves di^erently under one set of conditions 
• tfom vhat it does under another set of conditions. As a result of i he rowing 
or wandering of the hydi’ogen atoms, a compound prepared by a chemical 
process may be different from what was anticipated thougii its com])osition 
be the same. The phenomenon appears an exception to the rule of the 
constancy of structural arrangement. As usual, the supposed phencauenon 
has been given a name, tautomerism ” (C. Laar, 1885)— from the Urcek 
ravTo (taiito), the same ; gepos (meros), a pai*t — and also the aitc'i'iiat h’e, 
perhaps better, name, “ desmotropism ” (P. Jacobson, IS87)-»~Jrcm the 
Cheek Secr/xos (desmos), a bond ; rpi^eiv (trepein), to change, A substance 
is said to be tautomeric or desmotropic when it can react with other 
substances in such a way that it appears to be a compound with 
different constitutional formulae,’ 

TST. Bland and J. F. Thorpe proposed to restrict the term tauiomermn to those 
substances exhibiting the phenomenon under consideration in which one is not 
stable enough to be isolated in the free state; desmotrofdmi to eases in which 
equilibrium mixtures of both forms are produced. The term sfruotvral isomerism 
is af)plled to cases where both forms are stable and can be isohited. 

In given system, the two desmotropic modifications of a substance 
are in a state of equilibrium which is so very sensitive to external influences 
that the one modification readily changes into the other, A desmotropic 
change is thus an intra-moleeular phenomenon \7hich only lends itself to 
observation under exceptional conditions. It is supposed that the position 
of a hydrogen atom in the molecule of sulphurous acid is labile, not rigid, 
because it can take up tw’O different positions with respect to the other 
atoms. The change in the position of the hydrogen atom is accompanied 
by a change in the character of the linkages. In the present case, w^e have 
possibly ; 

We shall meet other examples later on — ^nitrous acid : H — NO2 and 
HO — ^NO ; hydrocyanic acid: H — C;N and H — :C; phosphorous 
acid ; P(0H)3 and H.PO{OH)2, etc. The supposed desrnotropism of the 
polysulphides has been already mentioned, p. 490. 

§ 4. Hyposulphurous Acid and Hyposulphites. 

C. L. Berthoilet (1789) noticed that iron dissolves in sulphurous acid 
without giving off a gas ; L, H. Vauquelin and A. F. Fourcroy (1798) 
found that tin and zinc behaved in a similar way ; and C. F. Schonbein 
(1852) obtained some reactions with a lower sulphur acid, and wdiich were 
probably due to what is now^ called hyposulphurous acid. P. Schutzen- 
berger discovered this acid in 1869. 

Preparation. — By treating an aqueous solution of sulphur dioxide 
with finely divided zinc, a zinc salt of hyposulphurous acid is obtamed : 
2H2S0$ + Kn =5 2118204 +'2H20, ''' ;By,' using, sodium hydrogen sulphite, 
the sodium salt is obtained. , A yellaw aqueous solution of the acid can 
be obtained by treating aqueous Mutiohs of its ‘salts with oxalic acM, 
It is probable that the zinc. reacts ■with -the 'sulphurous acid producing 
hydix^en : Zn + ligSOa =« that the nageent hydrogen 
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reduees the siiIj)iiurous acid to the acid in question : 2H2SO3 + 2H 
~ H0S2O4 H- 2H2O. The acid then reacts with the zinc producing the zinc 
salt. " The sodium salt has also been obtained in concentrated sohxtion by 
the electrolysis of sodium hydrogen sulphite with a high densitj^ current. 
By adding sodium chloride to the solution, sodium hyposulphite, 
Na2S204.2H30, is precipitated. This salt can be dehydrated at 60°, 
H. Moissan obtained the sodium salt by the action of sodium hydride 
on suiplrar dioxide at about “-40°, 4KaH -f H^SOg = Hg + NagSaO^ 
4- 2YaOH. The potassium and lithium salts w^ere obtained in a similar 
way ; but with calcium and strontium hydrides, the reaction is complete 
only \vhen the sulphur dioxide is under pressure. 

Properties. — The acid is only Imown in aqueous solutions since it is 
rather unstable. It rapidly absorbs oxygen from the air, and is one of 
the most powerful reducing agents knowm. The sodixnn salt is used in- 
dustrially, and in the chemical laboratoiy as a reducing agent. Tor 
instance, it bleaches sugar, indigo blue, etc. It reduces permanganates ; 
and also reduces some metallic salts to the metal — e.g, silver nitrate, and 
gold and platinum chlorides ; and in the case of copper sulphate, a browm 
copper hydride, CugHg, is formed. It seems to act as an oxidizing agent 
towards hydrogen sulphide in the presence of moisture, for sulphur is 
precipitated, and thiosulphate is formed : + EgS = K'a^SgOs 

+ H3O 4- B. The salts are called hyposulphites A 

Composition. — ^The molecular weight of the acid has not been deter- 
mined by the regular methods, but the molecular weight of the sodium 
salt, deduced from the depression of the freezing point of aqueous solu- 
tions, corresponds with the formula Again, ammoniacal copper 

sulphate oxidizes a hyposulphite to a sulphite ; iodine oxidizes it to a 
sulphate ; and for every two atoms of sulphur present as hyposulphite, one 
atom of oxygen is required to oxidize it to sulphite : 8^0^ 4. 0 = 2SO2, or 
2j!va2S204 4* 2H2O -p 0^ = 4]SraHS03, and three atoms of ox3''gen to 
oxidize two atoms of sulphur to sulphate : 2S2O3 -h SOg = 4SO3. Hence 
it is inferred that hyposulphurous acid is derived from the anhydride 
B3O3 — sulphur sesquioxide — and not to the hypothetical sul^hoxylic 
anhydride^ SO, as supposed by P. Schiitzenberger. Schiitzenberger thought 
the acid liad the formula H2SO2, but A, Bernthsen’s (1881) experiments, 
just cited, make it almost certain that the formula is H2S2O4. The acid 
can be regarded as a mixed anhydride derived from an unsym metric 
sulphurous acid, and the hypothetical siilphoxylic acid, 

H.SO.OH, namely H.SOa.O.SO.H. 

Sulphur sesquioxide, S2O3, is supposed to be made as a malachite green 
crystalline mass by the direct union of sulphur and sulxAiir trioxide, and 
as a blue solution by the action of flowers of sulphur on Kordhausen 
suiphurio acid. There is some doubt whether the bluish-green mass is 
a mixture or a compound. With water, sulphur sesquioxide gives sulphur 
and a mixture of suiphurio and sulphurous acids, and not hyposulphurous 
acid. This does not prove that sulphur sesquioxide is not the anhydride of 
hyposulphurous acid because the latter decomposes in a similar way. 

AT, • ^ The acid has also been callod hyd^ostdphurous cicid, but it is best to avoid 
this toraa, I)o not confuse hyposttlphurous acid with tiiiosulphuric acid, nor the 
TOOstMphatw. 'ITufoirtuiiately, hyposiilplmrous acid is an old term for 
tfaiofiuiphujtic acid, which has been abandoned by ail but photographers. 
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§ 5, Sulphtif Tnoxide— Preparation. 

Stiipliiir trioxide exists in at least two forms, a-suiphnr trioxido and /3-sulpliur 
trioxide. Molecular weight, a.SOg — $0*07; /S.SO3 — PSO* J 4. Molting point, 
a-SOjj, 14*8'^ j ^-SOg, 25° ( boiling point of both varietms, 46*2*^, 

History,— Sulphur trioxide seems to have been made by B. Valentine 
in the fifteenth century, and called “ philosophical salt.” K. W. Scheeie 
(1777) and G. de Morveau {1786) called it the anhydride of sulphuric acid. 

Preparation.— Sulphur trioxide is made by distilling ferric sulphate ; 
Ee2(S04)3 = EegOg + 3SO3; fuming sulphuric acid; or sodium pyro- 
sulphate : Na^SgO^ = Na2S04 SO3 ; and also by lieating concentrated 
sulphuric acid -with phosphorus pentoxide when HoSO^ -{- =- SO3 

+ 2HPO3. In the latter reaction the phosphorus pentoxide is able to 
dehydrate, that is, remove the elements of water from sulphuric acid. 

As indicated on p. 502, a small amount of sulphur trioxide is formed 



Fig. 173. — Preparation of Sulphur Trioxido (Contact Process). 


when sulphur burns in air, or in oxygen. Sulphur dioxide is scarcely 
affected when warmed with oxygen, but if a mixture of vsulphur dioxide 
and oxygen be passed over platinized asbestos at about 400°, the oxidation 
of the sulphur dioxide is nearly complete. The platinized asbestos acts as 
a catalytic agent (p. 124). Instead of platinized asbestos, ferric oxide, 
vanadium oxide, copper oxide, chromic oxide, and pumice stone, etc., 
have been employed, but none are so elective as platiiuzed asbestos. 
With ferric oxide, for instance, the yield of sulphur trioxide is not much 
over 60 per cent, of the theoretical, under conditions where it is approxi- 
mately complete with platinized asbestos. The action can be illustrated 
by an apparatus similar to that depicted in Fig. 173. The sulphur dioxide 
and oxygen are sent, from gas-holders, through a wash -bottle, A, shown on 
the right of the diagram, containing concentrated sulphuric acid. The 
mixed gases travel through a tower, containing pumice stone saturated 
with concentrated sulphuric acid.- The dried mixture of oxygen and 
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sulphur dioxide then, passes over platinized asbestos, O, warmed to about 
400", in a hard glass tube. Combination occurs, and the sulphur trioxide 
condenses in the tube and bottle, JD, surrounded by a jar containing a 
freezing mixture, and shown on the left of the diagram. 


§ B, The Properties of Sulphur Trioxide. 

In 1S76 B. Weber showed that sulphur trioxide exists in two modifica- 
tions — solid and liquid at ordinary temperatures. 

a-Su!phur trioxMe — ^liquid sulphur trioxide. — This is a colourless 
liquid, boiling at about 44*88®, obtained by repeated distillation of the pro- 
duct of the reactions j list mentioned. The Hquid fumes strongly in air. It 
crystallizes in long prismatic needles between 16° and 17®, and melts at 
16*8® ; the sped he gravity at 20® is T9229. The vapour density (air =1) 
varies from 2*74 to 2*76. These numbers and the lowering of the freezing 
point of phosphorus oxychloride correspond witli a molecular weight 
of 80. 

jS- Sulphur trioxide — solid sulphur trioxide. — If a-sulphur trioxide 
be maintained at 16® for some time, it gradually passes into solid crystals 
which look lil^e asbestos. The mass fumes in air, and gradually passes 
into the a~form if kept at a temperature between 50° and 100°. The 
molecular weight by the depression of the freezing point of phosphorus 
oxychloride corresponds with 160, the theoretical value for BgOg. 

The two forms are not very different chemically although the ^-sulphur 
trioxide reacts somewhat less *vigorously than the a- variety. Both dis- 
solve in water with a hissing sound as if a piece of red-hot iron w'^ere plunged 
into the water ; much heat is evolved, and sulphuric acid is produced t 

•tt-SOg -|“ 1 ^ 2 ^ ^ -1* 40 Cals. 

Hence sulphur trioxide is also called sulphuric anhydride. The anhy- 
dride does not redden blue litmus if extreme precautions be taken to 
exclude moisture. Sulphur trioxide reacts directly with many metallic 
oxides, forming the corresponding sulphates, with barium oxide, 
BaO + SOg = BaS 04 ; so much heat is evolved during the action that the 
mass becomes incandescent. 

The solid trioxide can. be vaporized without melting. At low tempera- 
ture the vapour seems to contain both SOg and molecules in equili- 
brium j ^ 2 b 03 . The dissociation is completed as the temperature 
rises. When heated to 1000®, sulphur trioxide decomposes completely into 
sulphur dioxide and oxygen : 280^ =- 280^ + Og. Two volumes of sulphur 
trioxide pmiuce two volumes of sulphur dioxide and one volume of 
oxygen. This corresponds with the formula (BOg),,. The molecular 
weight of the a-form, indicated above, shows that its formula must be 
BOg : and the Morm, 8,0^* The graphic formula for SOg may be 


. j feamkiat. Sulphur' quadrivalent. 


0— O—O 

Sulphur bivalent. 


first is nstt®illy takeh m harmony with the supposed sex! valency 
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of sulpimr in sulpj-rur hexafluoride, and it fits in best mth facts to be 
deveioped later. The graphic formula for the two A'aiieties ill then be 

a-Buiphnr trioxide. jS-Bulplnir trioxide or salphiir hextyxide. 

The thermal values of tlie reactions, 8 fl- Og = 80.^ -f 69*26 Cals., and 
of SOa + O == SOg d- 22*73 Gals., are worthy of note. It follows that tbe 
thermal value of each of the first Wo oxygen atoms is 34*63 Cals., and the 
thermal value of the next atom of oxygen is 22*73 Cals. Hence it has f^een 
said that the third atom of oxygen is “ less firmly attached to the sulphur 
atom than the other two ; and further that the six valencies of siii]}hur 
are not equivalent. This is supposed to correspond \\ ith the fact that 
sulphur trioxide is xeTv readily dissociated into siiiphiir dioxide and 
oxygen. Some consider sulphur trioxide to be an “oxide of sulphur 
dioxide.’’ The inference is inconclusive and faulty. 

Occurrence. — Solutions of sulphur dioxide soon absorb oxygen from the 
air, forming sulphuric acid, hence sulphuric acid, may be found in water 
from sulphurous springs in volcanic districts : e.g. th,e water of tlie Bio 
Vinagi'e (Mexico) contains 0*11 per cent, of calcukted as 80 g, and 

also 0*09 per cent, of HCL Pit water and streams of water which have 
been in contact with oxidizing pyrites may also contain free sulphuric acid. 
This is often a source of trouble industrially owing to the corresive action of 
such water on pump valves, etc. The occurrence of combined sulphuric 
acid as sulj)hates was indicated on p. 472, 

§ 7. Pyrosulphuric Acid and Pyrosuiphates, 

Sulphur trioxide dissolves in concentrated sulphuric acid. The solu- 
tion is often called Nordhausen or fuming sulphuric acid. It is made 
by distilling dehydrated ferrous sulphate, EeS04.H30 (pieferably with a 
little sulphuric acid or water in the receiver). The reaction appears to 
take place in two stages : flPeSO^.HgO^ = ^0^(804)3 + 2Fesj03 + SBOg 
4” BHgO ; followed by 1^2(804)5 = Fe20g + jfeOg. The same acid is 
obtained by heating sodium pyrosulphate admixed with concentrated 
sulphuric acid ; NagBgOy + H2SO4 = 2NaHS04 + SO3, Sodium pyro- 
sulphate is made by heating sodium bisulphate to about 400^ ; 2NaH.S04 
== HgO -r Na^SgO^. Hence the term “ pyrp ” — from the Greek Twp (pyr), 
fire. This salt is sometimes called “anhydrous sodium bisuiphate.’* The 
sodium bisulphate formed in the manufacture of fuming sulphuric acid is 
converted back to the pyrosulphate by heating it to about 400®. 

Fuming sulphuric acid is a viscous, oily-looking liquid which is con- 
sidered to be a solution of variable proportions of sulphur trioxide in con- 
centrated sulphuric acid, Tbe “ fuming ’* of the acid is due to the escape 
of the sulphur trioxide. If the fuming acid be w'armed, sulphur trioxide 
volatilizes and leaves sulphuric acid, behind. This acid has often 

a' brownish colour owing to the presence of a little organic matter. It may 
also oontain other impurities. Fuming/'Sulphuric' acid is used m refining 
petroleums, in the manufacture of dyes^ explosives^ shoe-blacking, 
etc. When cooled below 0®, the fuming' aoad. furnishes crystals 0I pyre- 
sulphuric add, HAO7 or mailing at 
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The last mode of expressing the composition shows the origin of the term 
disulphates sometimes applied to the pyrosulphates. Two molecules of 
sulphuric appear to bo condensed into one molecule of disulphuric acid with 
the elimination of one molecule of water : 2H2SO4 = HoO + H2S2O7. The 
salts are dibasic The bivalent acid radicle is “ S2O 7.’’ The graphic formula 
is indicated in the scheme; 


HiO—SOa— OH 
iHO™!SO.-~OH 


SOg— OH 


h.o + o<--_5h 


on the assumption that the formula for sulphuric acid is S02(0H)2 ; 
that disulphuric or pyrosulphuric acid is formed by the abstraction of a 
molecule of water from two molecules of sulphuric acid ; and that when 
an anhydride is formed hy the abstraction of water from a molecule of 
acid, with each molecule of water abstracted from the acid, one oxygen 
atom takes the place previously occupied by two hydroxyl groups. 
The relation between pyrosulphuric acid, sulphur hexoxide, and sulphuric 
acid is shovm by the following schemes ; 


0 :. 

^♦Sulphur trioxide. 


OH HO. 

— 0 
Pyrosulphuric acid. 


0>fe<oH 

Sulphuric acid. 


Henoe sulphur hexoxide, or jS-sulphur trioxide may be regarded as the 
anhydride of pyrosulphuric acid; and sulphur trioxide, or a-sulphur 
trioxide, is the anhydride of sulphuric acid. Sulphur trioxide and sulphur 
chloride, 82012, react, forming sulphur dioxide and pyrosuiphuryl or 
dlsulphuryl chloride, S2CI2 -f 5SO3 = SSOg -f- SaO^Gg* ^^lis chloride is 
a colourless fuming liquid wMch boils at about 151° (730 mm.) and reacts 
with water to form sulphuric and hydrochloric acids; The vapour density 
at 205° agrees with SgO^Clg if no moisture be present. In pyrosuiphuryl 
chloride, Cl — SO^ — 0 — SO 2 — Cl, the two hydroxyl radicles of pyro- 
sulphuric acid, HO — SO^ — 0 — ^SOg — OH, are replaced by chlorine. 

Consonant with the definitions of an acid and of an anhydride, pyro- 
sulphuric acid appears at the same time to be an acid and an anhydride. 
The three phosphoric acids, to be studied later, form a more striking 
illustration of this idea. 


§ 8. The Manufacture of Sulphuric Acid— Chamber Process. 

Sulphmio acid plays so important a role in commercial chemistry that it 
has been said that a country’s prosperity can be c-stimated from its out- 
put of this Ecid.-^-AKOK. 

Sulphuric acid is one of the most important of acids. It is used in 
most of the chemical industries. Something Hke 4,000,000 tons are con- 
sumed yearly. The acid is used for making sodium carbonate, hydro- 
chloric acid, nitric acid, etc. ; . It is used in the manufacture of explosives, 
fertilisers, alum, glucose, phosphorus, dyes, etc. ; and it is employed for 
various operations in dyeing, bleaching, electroplating, metallurgy, etc. A 
carboy 0! the oommerical amd ,(sp.;gr. T84) holds about 180: ibs. and the 
commerioal acid sells at per retail and the pure acid at about 2|d. 
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per lb. Good colourless conimerical acid contains 95 to 90 per cent, of 
H0SO4. The so-called clmnher acid has about oO to 61) percent, of SOopjr 
62 to 65 per cent. HjjS04 ; oil of vitriol hQ& about 75 to 78 per cent, of SO3, or 
92 to 95 per cent. H2SO4 ; Mid the fuming acid or oleiwi has about 30 per 
cent, free SO 3 , or 87*14 per cent, free and combined SO 3 . The impurities 
in the commercial acid are nitric, acid, nitrogen oxides, lead sulphate, 
arsenic, iron, selenium, calcium sulphate, haloid acids, etc. 

Sulphuric acid can be prepared on the large scale by the decomposition 
of certain sulphates — as just indicated in connection with fuming sulphuric 
acid — or by burning sulphur or sulphides to sulphur dioxide, and oxidizing 
the latter to sulphur trioxide in the presence of moisture. The oxidation 
of sulphur dioxide under the influence of moisture alone is very slow, but 
in the presence of certain catalytic agents the oxidation proceeds much 



Fia, 174. — Illustrative Model of the Chamber Process 


more quickly. Accordingly, the dry gases are passed over platinized 
asbestos or other solid catalytic agent (contact process) ; or mixed with 
nitrogen oxides in large chambers (chamber process). 

Some of the principles involved in the manufacture of sulphuric acid 
by the lead chamber process ai’e illustrated by the laboratory apparatus, 
Fig. 174. The sulphur or iron pyrites is heated in a porcelain boat placed 
in a quartz or porcelain tube. The mixture of air and sulphur dioxide is 
passed through a wash-bottle containing nitric acid, and thence into a 
large flask. The large flask is represented by large “ lead chambers on 
a real factory. Steam is also generated in a flask connected with the 
same globe. The amount of air drawn in with the steam is regulated by 
means of the stopcocks. The sulphur dioxide is oxidized to the tiioxide 
in the presence of the nitrogen oxides which were mixed with the gases as 
they bubbled through the nitric acid. The steam reacts at once with the 
trioxide, etc., forming sulphuric acid which collects at the bottom of the 
flask. The nitrogen oxides pass along 'with, the' cuirrent of air, eta, to 
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the baso of the tower on the right of the diagram, ^ The tower is filled with 
coke soaked in concentrated sulphuric acid. This is represented by the 
Gay-Luasaehs tower on a large works. The red fumes -fusible at the base 
of the tower are absorbed readily higher up, and the globe is placed at 
the top of the tower to enable this fact to be demonstrated. The flask or 
tower ' is connected with an aspirator which di*aws gases through the 
whole system. The aspirator is represented by a chimney on a real 
works. 

If insiiflicient steam be associated with the reacting gases— if the 
current of steam is stopped by turning the necessary stopcock — only 
sulphur dioxide, air, and nitrous fumes pass into the glass globe. In 
that case, eiystals of nitrosulphonic acid, also called nitrosylsulphuric acid 
— SOoOH.NOaor SO3.OH.NO — the so-called chamber crystals, condense on 
the walls of the vessel. The crystals decompose with the evolution of red 
fmnes 'when steam is passed into the flask. 

How does the catalytic agent work ? — ^According to an old theory of 
E. M. Pel igot (1841), nitric oxide, NO, unites with the oxygen from the air, 
forming nitrogen peroxide ; 2NO + Og = 2NO2. The nitrogen peroxide 
then oxidizes the sulphur dioxide, and is at the same time reduced to 
nitric oxide : NO^ + SO2 -f HgO = NO + H2SO4, The nitric oxide is 
again, oxidized to the peroxide, and so the cycle commences anew^^ It 
is generally agreed that before the sulphuric acid is formed, the sulphur 
dioxide actually unites with the nitrogen oxide — say, nitrous acid — to 
form an “ intermediate compound.” It is inferred that under normal 
conditions the intermediate compound decomposes as fast as it is formed. 
This inference appears to have been made because the elusive intermediate 
compound has not been isolated (p. 163), At present, therefore, the 
known fads accord best with Peligot’s simple hypothesis. Speaking 
generally, whenever a question cannot be answered by an appeal to facts 
in the laboratory, keen, sometimes bitter, controversies are waged over 
schemes devised in the study. In the present case, quite an array 
of imagmarrj inierinediaU compounds have been advocated — HgNaSOg, 
E. Divers, 1911 ; H2NSO5, F. Raschig, 1911 ; HNSOg, H. Davy, 3812 ; 
etc. Taking E. Diver’s scheme as illustrative of current theories, the 
intermediate compound nitroxysulphuric acid, HgNaSOg, is supposed to 
be formed by direct combination of nitrous acid\vith sulphur dioxide: 
2HNO2 SO2 — H2N2vS0e» and the nitroxysulphuric acid so formed is 
immediately decomposed into nitric oxide and sulphuric acid : HgNaSO^ 

2HO K2SO4. The nitric oxide so formed is immediately oxidized 
to nitrogen peroxide : 2NO + 03;:== N2O4. This again unites with sulphur 
dioxide and water to reform nitroxysulphuric acid and oxygen, 2N2^4 
+ 2H2SO3 4- O3. The nitroxysulphuric acid decomposes 

as indicated above and the cycle begins anew. It must be added lhat 
the mero fact that a definite compound can b© isolated by altering the con- 
ditions under which a reaction progresses carniot be accepted as a conclusive 
proof that the compound so Violated is necessarily an intermediate com- 
pound whan the reaction progresses under other conditions, A great 

» I.XBeweto had a .theoiw m ISIS in which nitrogen trioiride— 

sujjpoaed to h& .’iotmmd . Imh&d o£‘ mtx^n peroxide— NO «. The 
objeonon to tms intemediate ‘eompomd, not neoeiffiily valid ' will b© obvious 
BOmtOi© aiswt*ion on nitwgen'fdoxide.. ‘ ' 'Ivlf/' ^ 
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number of deiimte compounds have been prepared by the mutual action 
of the nitrogen and sulphur oxides with and without water* 

The manufacturing process.^ — Sulphuric acid was knovm to Geber and 
other writers in the thirteenth century. B. Valentine, in the fifteenth 
century, ^ described the preparation of sulphuric acid from calcined ferrous 
sulphate and silica ; and by burning sulphur and, nitre in moist air. A. 
Sala made it in 1630 by burning sulphur in the presence of steam and an 
excess of air ; and X. Lefevre and X. Lemery improved Sala’s method by 
using nitre. A. Libavius (1595) recognized the identity of sulphuric acid 
made by the different processes ; previously, the acids were supposed to ’be 
different. Ward, in 1740, prepared sulphuric acid by burning sulphur 
with nitre in large glass vessels — 40 to 60 gallons capacity — ^time after 
time, until the acid which collected on the bottom of the vessels was 
strong enougli to pay for its concentration in glass retorts. The acid was 
sold as “ oil of vitriol made by the bell,” to distinguish it from the acid 
made from ferrous sulphate. Ward’s process reduced the price of sulphuric 
acid from 2s. M, per ounce to 2s. per pound, Boebuck and Garbett 



Fig. 175. — Diagrammatic Illustration of the Manufacture of Sulphiiric Acid by 

Chamber Process. 

substituted lead chambers for Ward’s glass vessels in a works at Birming- 
ham in 1746. F. Clement and J. B. D6sormes, in 1793, showed that the 
process could be made continuous, and that the nitre plays an intermediary 
part between the sulphur dioxide and the air. J. L. Gay-Lussac’s tower 
was invented in 1827 ; and J. Glover’s tower was used at Newcastle-on- 
Tyne in 1859. The general disposition of the manufacturing plant is 
indicated by the diagrams, Fig. 175. 

1. The burners. — ^The sulphur dioxide is made in the burners, in various 
ways, e.g. (1) by burning sulphur (brimstone) ; (2) by heating pj^rites, etc., 
in a cuiTent of air ; (3) by burning hydrogen sulphide, etc. ; and (4) from 
the due gases produced in smelting ores — ^thus the Tennessee Copper Co. 
is said to make 200,000 tons of acid per annum In this way, while the 
Anaconda Co, in 1912 were said to lose the equivalent of IJ million tons of 
acid per annum the flue gases at their Washoe works. Air is drawn 
through the burners in excess of vthat -required for oxi&zmg the sulphur. 
The necessary draught is regulate. by chimney, etc* • 

^ As In tho case of Gefeer, some writii^-attrlbutefi to Vafeutme aw supposed 
to be forgerii^. ^ ^ ' 
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2. The Glover’s tower.— The hot mixture of air and snlpliur dioxide 
passes ii]> a tower packed with flints down which trickles a mixture of a 
weak acid from the lead chambers and the strong nitrated acid which has 
been used to absorb nitrous fumes, and recovered in the Ga.y-Lussac’s 
tower to be described late3\ The functions of the Glover’s towTr are : 
(1) recover the nitrous oxides from Gay-Lussac’s tower ; (2) cool the gases 
from the burners ; (3) help to concentrate the acid trickling down the 
tower ; (4) partly oxidize the sulphur dioxide from the burners ; and (5) 
introduce the necessary nitric acid into the lead chambers by running nitric 
acid down the tower along vdth the nitrated acid from tlie Gay-Lussac’s 
tower. ^ Before the acid reaches the foot of the tow'er it is fully denitrated. 

3. The lead chambers.— The mixture of air, sulphur dioxide, and 
nitrous fumes passes into a set of three leaden chambers — may be of a 
total capacity of 150,000 cubic feet — into which steam is blown from low- 
pressure boilers. The gases in the chambers are thus intimately mixed. 
The oxidation of the sulphur dioxide mainly occurs in the first two 
chambers. The gases are passed through the chambers slowly so as to 
allow.time for ail the sulphur dioxide to be oxidized. The third chamber 
serves mainly to dry the gases. The chambers are kept cool enough to 
condense the sulphuric acid which collects on the floor and is drawn off 
periodically. It is called chamhe/r acid. Chamber acid contains between 
62 and 70 per cent. 112^0^. 

4. The Gay-Lussac’s tower. — ^The excess air which leaves the lead 
chambers is Mghiy charged with nitrogen oxides. These are recovered by 
causing the exit gases from the chambers to pass up a tower, packed with 
coke, down which concentrated sulphuric acid is trickling. The concen- 
trated acid absorbs the nitrous fumes. The ‘‘nitrated acid” which 
collects at the foot of the Gay-Lussac’s tow^er is pumped to the top of 
the Glover’s tow^er along with some of the more dilute chamber acid. 
The “ nitrated acid ” trickling dowm the Glover’s tow^er loses the absorbed 
nitrous fumes and some w^ater. The acid which collects at the foot of 
the tower contains about 80 per cent. H2SO4. 

5. The concentration of the acid.— The chamber acid is not allowed 
to attain a Ixigher strength than about 62 to 70 per cent, H2SO4, because 
a stronger acid begins to absorb the nitrous fumes from the chambers. 
The chamber acid is therefore concentrated further either in the Glover’s 
tower as indicated above, or in leaden concentrating pans until it contains 
about 79 per cent, of H2SO4. If the acid be much stronger than tins, it 
begins to attack the lead evaporating pans rather seriously. This acid is 
now called “ B.O.V,” (“ brown oil of vitriol ”), its usual brown colour is due 
to the presence of organic matter. The further concenti’ation of the acid 
is ofleeted either by the boiling it in glass, vitrified quartz, or in platinum 
stills. The acid may also be placed in these stills direct from the chambers. 
At first, very weak sulphuric acid distils over. The concentration of 
the aoid in the still gradually rises until it has about 98*3 per cent. H2SO4. 
Any farther concentration cannot be done by evaporation since the acid 
Itself then distils over. The further concentration of the acid, in the 
rare event of its being required, is effected by cooling the concentrated 

^ Tiio gases from^bo G-loyeris tower sometimes meet a pipe bringing in nitrons 
fumes made by heating coneentrafted' stalphuric aoid with Chili saltpetre by the 
WWU heat from tlie burners, ; 
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add when crystals of 100 per cent. H2SO4, melting at 10'5\ separate? 
the acid can of course be further concentrated by dissolving sulphur 
trioxide in it* — see “ Fuming sulphuric acid/' 

§ 9. The Manufacture of Sulphuric Acid —Contact Process, 

The manufacture of sulphuric acid by the contact process be illus- 
trated by the apparatus depicted in Fig.l?:!, if the jar, etc., i>, on the left, 
be replaced by a tower, packed with coke, Fig. 176, down '^vhich water or 
dilute sulphuric acid is allowed to trickle. The liquid absorbs tlio sul])lmr 
trioxide. The oxidation of the sulphur dioxide really involves two 
opposing reactions represented hj the equation ; 2800 -r G- 280... P>y 
passing the mixed gases — air and sulphur dioxide— through a porcelain 
tube in the absence of platinized asbestos, about 10 pcT cent, of sulphur 
trioxlde is formed at 400'^ under the conditions of mamifueture, whereas in 
the presence of platinized asbestos, very nearly 100 per cent, is oxidized 
Without the plati- 
nized asbestos, a 
maximum 30 per 
cent, oxidation is 
obtained just over 
600 ^ If the 
temperature, with 
platinized asbes- 
tos, is above or 
below 400^, the 
yield of sulphur 
trioxide is re- 
duced ; for in- 
stance, at 250° 

there is a 45 per Fig. 176,— Con* Fig. 177.— Effect o! Tempemteo on 
cent, conversion, denser for SO3* the Oxidation of Bulphur Dioxide 

and at 1000° no 

sulphur dioxide is oxidized at all The cinves, Fig. 177, show the effe<d« of 
temperature on the yield of sulphur trioxide. The presence or absence of 
the catalytic agent "does not affect the final state of true equilibrium, but 
it does affect the speed at which the equilibrium is attained. In coii.se- 
quence, the final state of equilibrium appears different with and without 
the platinized asbestos because the process requires an indefinite time to 
attain a state of equilibrium without the catalytic agent. The curves, 
Fig. 177, thuvS represent the per cent, of sulphur trioxlde formed when the 
mixed gases are passed slowly tlirough a tube with and without platinized 
asbestos at the temperatures stated. , Not only is the speed of oxidation of 
the sulphur dioxide determined by the temperature, but it is accelerated 
by increasing the proportion of oxygen beyond that represented by the 
above equation : two volumes of sulphur dioxide per one volume of oxygen. 
Experience shows that the most efficient mixture contains three molecules 
of oxygen per two molecules of sulphur dioxide. The use of ferric oxide 
in place of platinum as a eataiystr— in the so-called^ Maiinheim-Clemm 
system — ^has been previously discussed. Ferric oxide has some advan- 
tages over platinum, for instance,, its cheapn^ permits it to be replaced 
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frequently, and it is not so sensitive to lioisonous impurities— e.f/. arsejiic, 
indeed, it actually absorbs arsenic and so acts as a purifying agent. One 
tdkadvantage is that it requires a higher temperatee (about 700"") to do its 
work, and the oxidation is incomplete (50 to 60 per cent.) ; hence ferric oxide 
can be used in conjunction with platinum, first oxidizing the mixed gases 
at a high temperatine with the ferric oxide catalyst, and absorbing the 
resulting sulphur trioxide, then passing the remaining gases over platinum 
at a lower temperatixre so as to complete the reaction. 

The manufacturing process.— W. Ostwald has pointed out that if time 
is money, then catalysis, which may be said to accelerate the speed of 
chemical reactions without the expenditure of energy, is of the greatest 
im]>ortanc6 in chemical industries, for the catalytic agent speeds up slow 
reactions, thus saving time and incidentally money — e,g. Deacon’s process 
for ohiorine ; the sulphuric acid contact and chamber processes, etc. The 
contact process was the subject of a British patent by P. Phillips in 1831, 
but it was not until seventy years later, when R. Knietsch (1901) demon- 



strated the conditions necessary for successful work, tha.t the contact 
process attained commercial success. The general disposition of the 
manufacturing plant is indicated in Eig. 178. The results are now so 
satisfactory that the “ chamber process ” is considered by many to be a 
threatened industry ’■ which will have to retire in favour of the more 
efl5.oient “ contact process.” At first blush, the primary object of the 
industrial' chemist is to make money ; this may appear very sordid to the 
college-bred student ; but it will be obvious that unless a manufacturing 
process realizes satisfactory profits, it must eventually collapse. Hence, the 
competition of rivai processes fi^uently renders it necessary to overhaul 
old processm so as to make the methods more efficient and the manage- 
ment more economical. The chemistry of many industrial processes is 
comparatively simple when contrasted with the ingenuity displayed in 
handling large masses of matedal at a low cost, and, in the conservation of 
by-products* Threatened industnes sometimes live long, because competi- 
taott of rivals' acts, is a h^^thy stimulus "Vfhlch leads to such improvements 
that the 'threatened mdustty,has-:», difficulty- in maintaining its position., 
Each nival incites the othem'to’.dd'thisfr very btet, and, -the world benefits. 
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1. The purification of the burner gases. — ^The nuxture of Bulplnir 
dioxide and tiir from the buriwsrs must- be very earcinlly ch^aned fi'oni 
dustj finely dindad sulphur, sulphuric acid, arsenic, etc., otherwise the 
platinized asbestos soon becomes inactive. Arsenic is particularly in- 
jurious. A very small tracer of arsenic in the gases soon paral\'zes — 

poisons — ^the activity of the platinum. The story of the aitaci 
process is essentially the story of the, purification of the burner gases which 
have to be cooled, ^vashed, and dried until the optical tests arc satisfactory. 
The gases are cleaned by passage through achamber — tho“ dust eliamber 
— ^in wliieh steam is injected ; through a series of lead pipes to redueo the 
temperature down to about iOO'^ ; through a series of towers iji eaeli of 
^riiich the gases meet a descending spray of waiter. This ivashcs thc^ 
sulphuric acid, etc., from the gas. Finally, the gases arc dried by passing 
them up a tow^er ivhere they meet a descending strc^ain of cuncentratf-d 
sulphuric aedd. Tlie gases are periodically tested for dust, arsenic, etc., to 
make sure the vserubbers, etc., are ivorkiiig edficiently. 

2. The contact chamber. — ^Thc dried gases then pass into llie contact 
chamber. In outline it consists of a cylinder wliicb. contains a number of 
tubes each packed ivdth platinized asbestos placed between perfora?(‘d 
shelves. The dry mixture of sulphur dioxide and air enters the contact 
chamber through a scries of perforations near the base ; and, after passing 
up to the top of the cylinder around the outside of the tubes containing 
the platinized asbestos, the gases descend through the platinized asbestos 
{where oxidation takes place), and leave the apparatus. 

The platinized asbestos is arranged in this particular iiuinner to avoid 
local rise of temperature the heat evolved during the reaction : 

2 SO 2 -f O 2 s=: 2 SO 3 + 45-2 Cak. 

Hence the system has a tendency to get hotter during the oxidation. 
Since the best results are obtained when the temperature of the asbestos 
is in the vicinity of 400 everything is arranged so that the asbestos tubes 
are maintained at this temperature by the cold gases ascending in the 
interior of the cylinder. ^ Experience show^s that 96 to 98 per cent, of the 
sulphur dioxide is oxidized in the cylinder, ^ 

3. The condensation of the sulphur trioxide. — The white mist 

of sulphur trioxide is absorbed wdtli great difficulty by w'ater or dilute 
sulpliuiio acid ; but it is rapidly and completely absorbed by 97 to 98 per 
.cent, sulphuric acid. Hence the gases W'hich leave the emit act chamber 
pass into cast-iron tanks containing 97 to 08 per cent, sulphuric aeici 
A stream of water or dUute acid is run into the condensing tanks at such 
a rate that the strength of the acid is maintained at 97 to 98 j>er cent. If 
fuming acid be required, one or more wrought iron ® absorbing vessels 
are placed between the condensing tanks and file contact chamber. 

§ 10. The Properties of Sulphuric Acid. 

Contraction on dilution.— When sulphuric acid is mixed- in water, the 
volume of the cold mixture is much less than the sum of the volumes of 

Afc tlie start, the asbestos Is raised' to 'the- neoeteary temperatiiw by heathi'g ■ 
the contact chamber from below, ■ . ■■ _ 

® With ferric oxide m contact agent, 60 M 66 per esant* oxidation l» obtained. ’ 

® Experience shows that wrought icon fuming arid 

than cast hon | and 'cast Iron resists the more.^uts. acid -befete tlian wrought iron i 
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\riiier and acid used. It is reinarkaMe tliat tiie greatest contraction occurs 
\\itli a solution containing about 97*7 per cent, of HgSO^, that is, 79*7 
per cent, of SO^j. There is another maximum contraction with solutions 
containing GO per cent, of free sulphur trioside, that is a total per cent, 
of 92-65 SO3. A curve showing the volume of one gram of different 
solutions of sulphur trioxide and of sulphuric acid, in water is 

shown in 3?ig. 179. 

Boiling point. — Sulphuric acid (H2SO4) boils a,t about 270° with 
partial decomposition. Some sulphur' trioside passes off as vapour ; the 
acid in the retort becomes weaker, and the boiling point steadily rises 
until the acid has attained a strength of about 98 per cent. H2SO4 (that 
is, 80 per cent. SO^j), when it distils over unchanged. Conversely, on 
boiling dilute solutions of sulphuric acid, the acid becomes stronger and 
stronger since water or very dilute acid passes over ; at the same time, 
the boiling point steadily rises as illustrated in Fig. 180, until the acid 
has attained a strength of 98 per cent. HgSO^, when it distils over un- 
changed, at 317°. The nionohydrate fumes slightly, owing to the evolu- 




Fig. 170. — Contraction Curve, Fig. 180. — Boiling Curve. 

tion of a little sulphur trioxide, when heated to above S0°, The facts 
just indicated are rc^presented by the curve. Fig. 180, where the boiling- 
point curve shows a sharp apex at 317°, Below that temperature, 
tvater or dilute sulphuric acid, and above that temperature sulphur 
trioxide, is evolved. At that temperature (750 mm. pressure) a constant 
boiling acid is obtained. The specific gravity curve also shows a maximum, 
or the contraction curve a minimum (Fig. 179), with an acid of nearly that 
concentration. This acid also absorbs sulphur trioxide more rapidly — 
“ grwdily — than either water or dilute sulphuric acid. 

Vapour density. — The vapour of sulphuric acid is completely dis- 
sociated into water and sulphur trioxide at 450°, Granting tins fact, and 
Avogadro’s hy|.)othesis, we have 

112804-803 + :^ 

2 vols. 4 vols. 

if'he vapour density should be about lialf that required for H2SO4. The 
theoretical value (6 ™ 32) for II2SO4 is 98 ; H. St. C. Beviile and L. Troost 
( 1800) found 50*03, at 450°, which corresponds, very nearly, with a complete 
dissociation. At still liigher temperatures, the sulphur trioxide itself 
dissociates, when heated, ias,, indicated in the curve, Fig. 177. H. St. C. 
Bevihe and H. Bebray (1860) suggested a process for the manufacture 
df oxygen on this reaction. They proposed to conduct the vapour of 



ZO ^ 60 60 

Per cert, of 30 ,- 


COMPOUNDS OP SULPHUR WITH OXYGEN 525 

sulphuric acid through a porcelain tube flUed with bits of poroelam heated 
to bright redness. But nothing has come of the suggestion. 

Freezing-point curves. — The freezing-point curves of solutions of 
sulphur' trioxide in water are shown in Pig. 181. Maxima occur at points 
corresponding with H3SO4.4H2O, H2SO4.H3O, H^SO^, and H.2Sd4.SO., 
(pyrosulphuric acid). Our previous study of freezing-point curves (pp. 
192 and 272) shows that these may be taken to represent the composition 
of definite oompoiiiids of suiphur trioxide 
and water formed under tlie conditions 
stated. 

Hydrates of suiphur trioxide.— Several 
hydrates have been isolated ; Pyrosul- 
phiiric acid-~H20.2S03, or H2SO4.SO3— 
forms a transparent crystalline mass 
melting at 35"^ (p. 515). Monohydrated 
sulphuric acid i—SOg-HaG, or H2SO4— 
is a limpid colourless liquid without 
smeUj with a specific gravity 1*850 at 15°, 
and 1*822 at 45°. It solidifies at 0°, 
forming crystalHne plates which melt 
at 10°. Dihydrated sulphuric acid— 

SO3.2H2O, or H2S04.H20-~crystanizes in 
hexagonal prisms, melting at 8°. The 
crystals are obtained by cooling 85 per 
cent, sulphuric acid with ice — ^particu- ISl. — Freezing-point Curve, 

larif if the sulphuric acid has in solution 

a large proportion ot barium or lead sulphate. Pentahydrated sulphuric 
acid — ^SOg.dHgO, or H2SO4.4H2O — smelts at — 25°. Trihydrated sulphuric 
acid — ^SOg.SHgO, or H2SO4.2H2O — corresponds with a minimum point on 
the curve, and must therefore be regarded as a eutectic mixture under 
the conditions of the experiment (c/. p. 273). This does not mean that 
a hydrate I-I3SO4.2H2O will not exist under other conditions. Several 
claim to have isolated H2SO4.2H2O as a white crystalline mass, melting 
at about ~ 70°. 

The heat of dilution. — ^When sulphuric acid and water are mixed, 
a considerable ilse of temperature occurs. The. curve for the heat of 
solution rises steadily from 30 Cals, with 61*25 per cent. H2SO4, to 193 
Cals, with 100 per cent. ; and to 199 Gals, with sulphuric acid con - 

taining 2 per cent, of sulphur trioxide in solution, to 486 Gals, with 100 
per cent, free sulphur trioxide. Hence sulphuric acid and water should 
be mixed with care. Do not pour the water into the acid, but always 
pour the acid into the water with constant stirring. 

Absorption of water by sulphuric acid. — ^The great affinity of 
sulphuric acid for water is evideno^ by its hygroscopicity and its use in 
desiccators, and in the balance case for maintaining a dry atmosphere in 
these vessels, and also for drying gases. Sulphuric acid acts upon solid 
and liquid substances depriving them of water ; 'or even decomposing the 
substance — splitting off the elements of water when no ready formed w^ater 
is present. Wood, paper, sugar, starch, and many organic substances are 

^ Many writers, probably more ciorres^ly,, call H2SO4.H2O the moaohy* 
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biackened by concentrated sulphnnc acid owing to tiie separation of car}>on 
wdiich accompanies the removal of the elements of water. This propeity 
is utilized (p. 834) for the preparation of carbon monoxide (p. 853) ; for 
the preparation of ethylene. The effect is easily demonstrated by stirring 
10 grams of powdered cane sugar with 12 grams of concentrated sulpliuric 
acid in a beaker. The sugar first becomes pale brown, rapidly darkens 
in tint, and finally becomes black; at the same time, much steam is 
evolved and the mass swells up considerably. 

Action on metals.— vSniphuric acid is an oxidizing agent, particiilaiiy 
in hot concentrated solutions. Witness the preparation of sulphur dioxide 
by the action of hot concentrated sulphuric acid on copper, carbon, sulphur, 
etc. The cold concentrated acid does not perceptibly attack copper, 
mercury, antimony^, tin, lead, or silver; but these metals ‘are attacked 
by the hot concentrated acid. The prolonged action of sulphimc acid on 
mercury’' is said to give mercurous sulphide, mercuric sulphate, and sulphur 
dioxide ; gold, platinum, iridium, and rhodium are not appreciably affected 
by the acid hot or cold. Dilute sulphuric acid dissolves magnesium, zinc, 
iron, cobalt, cadmium, manganese in the cold, forming a sulphate of the 
metal and hydrogen. The concentrated acid has very^ little action on these 
metals in the cold ; a few bubbles of hydi'ogen may be evolved, but the 
action soon appears to stop. When heated, these metals give sulphur 
dioxide and the corresponding sulphates. Although the main reaction 
between zinc and dilute sulphuric acid can he represented hy the equation 
Zn H2SO4 = ZnSO 4 Hg, it must be borne in mind that when 
sulphuric acid acts on zinc — ^particularly if the concentrated acid be used 
— ^the acid is partly reduced by the hydrogen (nascent), and sulphur 
dioxide, hydrogen sulphide, zinc sulphide, and free sulphur may be i?ro- 
duoed by the action of concentrated sulphuric acid on zinc, ^Varm, not 
cold, concentrated sulphuric acid is reduced by hydrogen, particularly in 
the presence of sulphates and the platinum metals. Impure hydrogen, 
even in the cold, reduces the acid, forming a trace of sidpliur dioxide. It 
is neoassary to bear this in mind when drying hydrogen with concentrated 
sulphuric acid. 

Solubility of lead sulphate. — 100 grams of sulphuric acid containing 
95 ’6 per cent, of sulphuric acid dissolve 0*039 gram of lead sulphate ; 
100 grams of 86*0 per cent, sulphuric acid dissolve 0*011 gram ; and 100 
grams of 63*4 per cent, sulphuric acid dissolve 0*003 gram of lead suiphato. 
The amount of lead sulphate dissolved by more dilute solutions, say 2 per 
cent, sulphuric acid, can scarcely be detected. The diminishing solubility 
with increasing dilution is illustrated by the separation of lead sulphate 
as a white cloud when sulphuric acid, which has been in contact with lead 
vessels, is diluted with water. 

§ 11. The Constitution of Sulphuric Acid and the Sulphates, 

I am conviaaed that all theories on the oonstitiition of orgauio compounds, 
and aU controversies as to this or that mode of writing framute, if not 
supported by a plausible araraiugement of the compound atom, will aid us 
but little in the acquisition of correot ideas, — ^L. GMnniN (1848). 

It will, be obvious from our study .Of the constitution of sulphurous acid, 
that a chemical formula aims at representing the chemical nature of 
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the compound in the simplest possible manner. The fomiiila is in- 
tended to describe the way the compound behaves when it reacts with otlier 
eompoiinds ; and to show, at a glance, its relations with analogous com- 
pounds. Suiplmric acid, for example, is said to contain two hydroxyl 
groups,” meaning that in certain reactions, the OH groups can be exciianged 
for equivalent radicles ; that there are certain relations between this acid 
and all other acids containing OH groups ; etc. C. Sclioiienirner has said 
that the structural formula shows “ the past and future of a compound,” 
that is, the relation subsisting between its progenitors and its progeny.” 
The formula for siili)hmic acid is expressed S02(0H)2 for the following 
■•■reasons: ■■ 

.First — Chlorine can react with concentrated suij)huric acid, forming 
ohiorosulplionic acid Cl — HSO3, where one OH group in sulphuric acid is 
replaced by chlorine. Phosphorus pentachloride — PCI 5 — can displace tw^o 
OH groups in sulphuric acid, forming sulphuryl chloride Ci — SO g— Cl. Both 
these chioro-compounds react with water, forming sulphuric acid. The 
two OH groups can likemse be replaced with other radicles, e.g. NHg. 
Since two OH groups can be displaced together or separately, we infer 
from the rule of the constancy of structural arrangement that (1) sulphuric 
acid^ — H2SO4 — contains two hydroxyl — OH — ^groups. 

SecontL — ^Like sulphurous acid, it is possible to make but one com- 
pound of the type, CH3O — SOg-— OK, by replacing the hydrogen of the 
hydroxyl groups with the radicles like CH3, C.3H5, etc. Hence it is inferred 
(2) the hydroxyl groups are related to the remainder of the atoms 
in the molecule H3SO4 in a symmetrical manner. 

Third. — Certain univalent hydrocarbon radicles — C2H5, C^Hg, etc. 
— can replace the chlorine in CIHSO3 and in SO2CI2 to form, say, ethyl 
sulphonic acid — C2Hg.SO2.OH, and diphenylsulphone — (CeH5}2SOo, respec- 
tively. The same compounds can be made by the oxidation of mer- 
captan — O2H5.SH, and of diphenyl suipliide — (CgHgjgS, in which the 
radicle must be joined directly to the sulphur atom. Assimiing that the 
radicles remain fixed to the sulphur atom during the oxidation, it is inferred 
that ( 3 ) the hydroxyl groups in sulphuric acid — HgSO^ — are directly 
attached to the sulphur atom. Hence the formula PIO — SOg — OH is 
preferable to HO — 0 — S — 0 — OH for sulphuric acid. 

Last—We have not yet discussed whether the SO 2 group is constituted 


O^a^OH 

0>^<0H 


0. ^ .OH 


The sexivalency of sulphur in sulphur hexafluoride — SFg — ^points to the 
sexivalency of the s-tom in the sulphates, and henc5e it is probable 

that (4) each of the two oxygen atoms is attached to the sulphur atom 
by a double valency. For these reasons, the so-called rational formula of 
sulphuric acid is sometimes written (HOg^BOg, so that the constitutional 
formula is written : 

always remembeiing that it is very probable -that the best of our structural 
formula is not so closcdy related to the .orientation of the atoms 

In the molecule as the'stufled and specunens of a' museum , are' 
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related to the imng organisms. The t-hree iiydrates of sulphur trioside — 
.H2S04,H2S04.H20,andHgS04.2H20 — aresometim.es written graphically : 


^>s=o 

0:^O^0H 

HOn 

HOs MB. 

S03 

H2SO4 

HsS0,.H,0 

H2SO4.2H2O 


In harmony with the nomenclature employed for the periodic acids, the 
last formula represents the “ maximum hydroxide and corresponds with 
orthosulphuric acid, S(0H)6 ; the penultimate formula represents 
parasuiphuric acid, S0(0H)4 ; and the ordinary formula for sulphuric acid 
therefore represents metasulphuric acid, SOgCOH)^. There is not yet much 
experimental evidence in support of the two latter formula?, and the 
method does not help us in deahng with the hydrate H0SO4.4H2O ; nor 
in understanding how these acids are all dibasic. Hence, it is doubtful if 
this is the correct interpretation of these hydcated forms of sulphuric acid. 


Sometimes the following pedagogic distinctions are made between the different 
jkinds of formuLe; (1) An empirical formula is the simplest mode of representing 
the composition of the substance as obtained by analysis — thus, HO represents 
the empirical formula of hydrogen peroxide ; (2) the molecular formula repjresents 
the composition in harmony with the molecular weight — thus, HgOg is the mole- 
cular formula of hydrogen peroxide ; (3) a rational formula attempts to represent 
the chemical nature of the substance — ^thus, (H 0 ) 2 S 03 attempts to represent 
not only the composition moleeularly, but, it also indicates that it contains two 
replaceable hydroxyl groups ; and (4) the structural, constitutional, graphic, or 
glyptic formula aims at representing the orientation of the atoms or groups of 
atoms in the molecule by a graphic structure. 


§ 12 . Sodium, Potassium, Mercury, and Copper Sulphates. 

Sulp huric, acid produces salt&yysidpha^^ it acts upon certain 

metals, metallic oxides, hydroxides, and_carbonates. The sulphates are 
^lioT ^pre^ed by heating salts of the more volatile acids — chlorideSj 
nitrates^ etc.— with sulphuric acid is dibasic, forming two 

series of salts — ^normal and acid^illphate^p. 169 ; 

><z ><Sn: 

Sulphuric acid. Sodium acid sulphate. Sodium normal sulphate. 

The sulphates arejusually fairly sol ubl e in water, and crystallize readily. 
The sulphates of lead 7 calcium, strontium, and Barium are but sparingly' 
solu ble in water. ' 

Sodmm'“and potassium sulphates. — ^The salts can be prepared by 
the general methods — action of acids on the corresj^onding bases, etc. 
While sodium sulphate crystallizes in monoclinic prisms with 10 molecules 
of water of ciystallization, the potassium sulphate forms anhydrous 
rhombic prisms. The melting points of the anhydrous alkali sulphates are: 


Na 2 S 04 
. 888 “ 


K2SO4 

1070“ 


KbgSO. 

1051“ 


CS2SO4 

995“ 


Melting points 

The solubility of sodium sulphate has been discussed in connection with 
Fig. 58 . Both sodium and potassium f om acid sulphates — trlclinie NaFlSO 4 
and rhombohedral KHSb4 — ^when heated with sulphuric acid, and the 
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mixture aUowecl to cool. Acid sodium sulphate is less soluble in water 
than the corresponding potassium salt. Thus, 100 grams of water at 25 ° 
dissolve 55*3 grams of KHSO4, and 2 S ’6 grams NaHSO^ ; while at 100 ° 
the numbers are 121-6 and 50-0 respectively. Many minerals which resist 
attack by^ acids are broken down by fusion with the acid sulphates. When, 
say, acid' potassium sulphate is fused, water is evolved and potassium 
p3nrosulphate, KgSaOv—also written K2S^4‘SC)3 ; or K2O.2SO3 — is formed : 
2KHSO4 = HgO + K2S2O7. Some more complex acid salts have been 
reported ; K2O.4SO3 ; and X2O.8SO3, Sodium does not form higher 
acid salts than the pyrosiilphate. Sodium trihydrosulphate, NallSO^. 
H2SO4, has been indicated on p. 271 ; monohydrated trisodium hydrodi- 
suiphate, Na2SO4.NaHSO4.HgO, or Na3H(S04)2.H20, separates in rhombic 
prisms from a hot solution of an excess of sodium sulphate in sulphuric 
acid. 

Manufacture of sodium and potassium sulphates. — ( 1 ) Leblanc^s 
salt-cake process. — Large quantities of sodium sulphate are made in 
Leblanc’s salt-cake process by warming sodium chloride with sulphuric 
acid in large cast-iron pans : NaCl H2SO4 = NaHS04 -f- HCl. The 
torrents of hydrogen chloride which are given off are led through con- 
densing towers — first devised by Gossage — and absorbed by w^ater to form 
hydrochloric acid. After the first action is over, and the mixture in the 
pans begins to stiffen, the solid mass is raked on to the hearth of a rever- 
beratory furnace and roasted by passing the hot gases from burning coke 
over the mass. In this way, most of the sodium acid sulphate is converted 
into the normal sulphate : NaHS04 -f NaCl == NagSO^ H- HCl. The 
greater part of the hydrochloric acid from the sodium chloride comes from 
the pans — pan gas ” — and the remainder is evolved during the roasting 
— “ roaster gas.” The result of these operations is called salt-cake.” 
Salt-cake contains about 95 to 96 per cent, of normal sodium sulpha.te, and 
4 |)er cent, of a mixture of sodium chloride, acid sodimn sulphate, and other 
impurities which were associated with the original sodium chloride. Salt- 
cake is used in the manufacture of sodium carbonate. Potassium 
sulphate, if desired, can be made in the similar way from potassium 
chloride. 

( 2 ) Hargreaves’ process — This process for the conversion of sodium 
chloride into sodium sulphate avoids the intermediate formation of sul- 
phuric acid. The gases from the pyrites burners — sxilphur dioxide and 
air — are passed tbrough a series of cast-iron cylinders in which the sodium 
cliloridc is heated to 500 ° or 560 °. In a few days, the conversion of 
the chloride to sulphate is practically complete : 4 NaCi + 2SO2 -f* Og 
-f 2H2O - 2 Na 2 S 04 + 4 H 0 L 

( 3 ) Sodium sulphate from kieserite. — Sodium sulphate is made by 
mixing solutions of magnesium sulphate (from native kieserite) with 
sodium chloride. Double decomposition occurs : 2 NaCl MgS04 ^ 
MgClg -j- Na2S04. On cooling the mixture, crystals of sodium sulphate 
are deposited from the solution. 

( 4 ) Potassium sulphate from kainite.— -Potassium sulphate can be 
prepared from the crystals of K3SO4.MgSO4.6H2O which remain when 
a hot saturated solution of kainlte — ^K2S04.MgS04.MgCl3.6H20 — ^is cooled. 
The double sulphate of magnesium and potassium is treated with the 
necessary amount of potassium ohlbiidef -wh crystals of normal 
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potassium sulphate separate from the solution ; the mother liquid retains 
the more soluble double salt — ^KCLMgC^. 

Mercurous and Mercuric sulphates, — These two salts can be made 
by heating mercury with sulphuric acid. Here, as is generally the case 
in preparing mercury salts, if the metal be in excess, mercurous salt 
is produced — HggSO^ ; and if the acid bo in excess, the mercuric salt 
— HgS04r^Tormed. Mercuric sulphate decomposes wdien heated, form- 
ing mercilbus sulphate. Basic salts are formed when merciiiic sulphate is 
brought in contact with water, e,g, the basic sulphate used in pharmacy 
under the name turpeth mineral,” 2Hg0.HgS04, is formed as a yellow 
powder when mercuric sulphate is digested with boiling w-ater. 

Cupric sulphate. — Cuprous sulphate — CU2SO4 — ^lias already been dis- 
cussed, p. 464 . When copper oxide or metallic coi)per is dissolved in 
s ulph uric acid, blue triclmidlSfystals of copjier sulphate — OuSO^.SHjjO — 
separate from the saturated solution on cooling. The crystals are also 
i called “ blue vitriol,” and they are prepared on a large scale by heating 
scrap copper in a furnace ; sulphur is thrown on to the red-hot metal to 
form copper sulphide — CujjS ; air is then admitted, and the sulphide is 
oxidized to the sulphate. Copper sulphate is also made by roasting 
copper sulphide ores so that most of the iron is oxidized. Tlie mass is 
then digested with “ chamber sulphuric acid ” ; copper oxide dissolves 
much more q\iickly than iron oxide. The small amount of ferric sulphate 
found in the resulting solution is not objectionable for many of the 
applications of copper sulphate. Copper and iron sulphates cannot be 
separated by fractional crystallization because a double sulphate is 
deposited from solutions containing relatively large quantities of iron 
sulphate. To purify copper sulphate from iron, metallic copper is 
precipitated by dipping plates of clean iron into the solution ; the resulting 
metal is dissolved in sulphuric acid, or calcined with sulphur as indicated 
above. 

The properties of copper sulphate. — At 100 ° the blue crystals of 
CUSO4.5H2O lose four molecules of water, and the residual monohydrate 
— CuS 04,H20 — ^is bluish white. At 230 ° white anhydrous copper sulphate 
— ^CuS04 — ^is formed. The anhydrous sulphate is very hygroscopic, and 
it turns blue by the absorption of moisture. Hence anhydrous copper 
sulphate is used as a test for small amounts of water, and also for drying 
gases. More precise ideas on the dehydration of copper sulphate will bo 
developed in the next section. Copper sulphate is used in electroplating, 
in electric batteries, dyeing, calico printing, preserving timber, as a germi- . 
cide and insecticide for trees ; and in the purification of certain types of 
driifising water. 

Basic copper sulphates. — ^By digesting copper sulphate with copper 
oxide, for a long time in air, a yellow powder of CUSO4.CUO is formed* 
This basic sulphate, when tlmown into cold water, forms a green insoluble 
compound — ^CuS04.3Cu{0H)2 ; and in boiling water — ‘Cu804,2Cu{0H)2. 

Ammonio- or ammmo-copper sulphates. — When ammonia gas is passed 
into an aqueous solution of coi^per sulphate, the p^recipitate which first 
forms redissolves, and a deep blue solution is obtained when an excess of 
ammonia has been added. This solution deposits blue rhombic crystals, 
which, when dried over lime, have the composition CuS04{NH3)4.H20, 
and the name cupric tetramminosulphate. The crystals decompose on 
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exposure to the air, and, when heated to 149'', pass into CuSO^i^BNITg ; at 
203®, into G11SO4.NH3 ; and at 260 s-. 'into .anhydrous C11SO4. The salt 
CUSO4.5NH3 is formed when ammoma gas is brought in contact with 
anhydrous copper sulphate. The azure-blue solution produced when a 
solution of cupric sulphate is treated with an excess of aqueous ammonia 
contains cupric tetramminosulphate, and this is reduced to a, colourless 
solution of .cuprous tetramminosulphate, .Cu2(NH3)4S04, by.^^azine. 

Cupric tetramrainostdphate, / Cuprous tetramminosulphafce» 


§ 13. The Vapour Pressure of Hydrates. 

If a substance can form a number of definite hydrates, at any given 
temperature, each hydrate has its own characteristic vapour pressure. 
For instance, copper sulphate forms three hydrates with vapour pressures, 
at50®. 


Compound. 

1 ■ 

Formula, 

'Vapour Preasure. 

Water alone , . , , , . . i 

HoO i 

92’ 0 mm. 

Pentahydrate . . . ... 

CUSO 4 . 5 H 0 O 

47*0 mrn. 

Trihvdrate .... „ . 

CuS04.3H;0 

30*0 mm. 

Monohydrate 

CuS04.Ha5 

4*5 mm. 


Suppose that water vapour be slowly admitted to a “ closed ” vessel 
oontaining anhydrous copper sulphate at 50°, the vapour pressure will 
remain comtant and fixed at 4*5 mm. until all the anhydrous copper sulphate 
has been transformed into the monohydrate: CUSO4 -|- HgO ^ CUSO4. 
HgO ; any further addition of water vapour will be followed by a rise in 
the vapour pressure which will remain constant and fixed at 30 mm. until 
all the monohydrate has been transformed into the trihydrate ; CUSO4. 
HoO + 2H2O ^ CUSO4.3H2O. Further additions of water vapour wdll 
bo attended by a rise of the vapour pressure to 47 mm. and the vapour 
pressure will remain stationary until all the trihjwlrate has been trans- 
formed into the pentahydrate ; CUSO4.3H2O + BHgO ^ CUSO4.5H2O, 
Any further addition of ivater vapour will raise the vapour pressure until 
the water condenses to a liquid and gives the vapour pressure of a saturated 
solution of copper sulphate at 50°. Further additions of water vapour 
will simply increase the amount of condensed water. When all the copper 
sulphate has dissolved, the vapour pressure will be determined by the 
concentration of the solution of copper sulphate. 

Conversely, starting with the pentahydrate, the reverse change will 
occur if water be continually withdrawn from the system. The vapour 
pressure of the pentahydrate, 47 mih* at 50°> wiU he maintained as long 
as the system contains any of the pentahydrate. When all the penta- 
hydrate has decomposed, the vapour pressure will drop suddenly to 30 mm. 
and remain stationary until all the trihydrate has decomposed; the 
vapour pressure will then fail abruptly to 4^5 mm, and remain at that value 
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nntii ail the monohydrate has decomposed into anhydrous copper sulphate. 
These changes are usually shown diagrammatically by curves resembling 
Fig. 182. Amounts of water, expressed in gram-molecules, are r6presented 
on the horizontal axes, and the vapour pressures along the vertical axes. 
The constancy of the vapour pressure of each hydrate is emphasized 
by the horizontal terraces on the vapour pressure curve. In symbols, 
omitting water molecules : 

CUSO4.5H2O ^ CUSO4.3H2O CUSO4.H2O ^ CUSO4 

This step-by-step dissociation of the hydrates furnishes a method which 
is sometimes available for deciding whether or not definite compounds 
exist at definite temperatures. If definite compounds are produced, the 
gradual addition or removal of water vapour wall alter the vapour pressure 
curve until a pressure is reached which remains constant for a certain 
period, and then suddenly assumes a new constant value. It must be 
added that some {e.g. P. Blackman, 1911) consider the dehydration of 
copper sulphate pentahydrate is comparable with the removal of water 
from an ordinary aqueous solution, that the “ breaks ” in the curve are 
due to a mal-inteip)retation of imperfect experiments, and that the vapour 

pressures in the preceding table are points 
on a continuous curve. This, however# 
does not interfere with the principle in- 
volved. By measuring the i‘ate of de- 
composition of hydrated aluminium and 
ferric hydroxides, W. Ramsay inferred the 
non-existence of definite hydrates ; but 
he concluded that two were formed with 
lead oxide^2Pb0.H20, and 3Pb0.H20. 
^ ^ J. M. van Bemmeien, for similar reasons, 

heUoved in the non-existence of definite 
hydrates of silicic acid. The prihciples 
just described can also be applied to 
compounds of ammonia with silver chloride, copper sulphate, copper 
chloride, etc. 
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H.O 


Big. 182 . 
of the 
Sulphate. 


§ 14. Water of Crystallization. 

The study of copper sulphate, which is typical of numerous other 
hydrates, shows that although the molecules of the combined water may 
differ in the tenacity with wMch they are retained by the molecule of copj^er 
sulphate, yet the water of one hydrate does not differ in kind from that of 
the other hydrates. This water is sometimes conventionally styled “ con- 
stitutional water,” water of crystallization,” water of hydi'ation,” or 
“ water of combination.” The actual term used does not matter very 
much provided it is not misunderstood. The mode of writing the formuliB 
— OUSO4.5H2O ; NaaSO4.10H2O — ^and the ease with which the hydrates 
dissociate into water, etc., might give rise to the idea that the water 
molecule exists in the hydrate reMy-made. There is, however, no evidence 
how the elements of water arc combined in the hydrate, and consequently, 
perhaps following the old idea, ‘ ' truth is within ourselves, and takes no 
rise from outward things,” suggestions have been made to represent 
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hydrates grapliically, thus, pentahydrated cupric sulphate have been 
represented ' by ' 


H2 H, 


O— — 0 O /GH 


■, OH 

Cu<g>S=0< 


OH 


H. H . 
0.— O 
0™6 
% Hg 


and other forms. In both formulae fust indicated, it is assumed (i) that 
one water molecule is associated in the molecule differently from the other 
four molecules because one molecule req^uires a higher temperature for its 
expulsion than do the other four molecoies ; and (ii) that two of the other 
four molecules are associated differently from the other two because of 
the step-by-step dissociation. We really know very Httie beyond the 
simple facts that : ( 1 ) W ater is a product of the dissociation of the hydrates ; 
( 2 ) water is usually given off at comparatively low temperatures ; ( 3 ) 
water is not an essential part of the reacting unit in its most characteristic 
transformations ; and (4) water is not generally necessary for the forma- 
tion of the salt since water of crystaUization can generally be removed by 
suitable means leaving the salt anhydrous. Several zeobites may lose their 
combined water without losing their ciystalline form. 

If the term “ water of crystallization ” be carelessly employed, it may 
suggest that crystallization is somehow dependent on the presence of 
water, and this the more, as efflorescent salts “ appear ’V to lose their 
crystalline character when water is lost. Crystals of gypsum— CaS 04 . 
2 H 2 O — form a white chalky powder when the water is driven off ; cr^^’stal- 
line sodium carbonate, and also Glauber’s salts, likewise produce white 
powders when their combined water is expelled. The powdered dehydrated 
substances are aU ciystalline. In fact, practically all chemical compounds 
can foe crystallized. Crystallization is not dependent upon the presence 
of water. Sulphur, common salt, iodine, potassium chlorate, potassium 
sulphate, and numerous other crystalline substances do not contain the 
elements of water. Again, crystaUihe calcspar does not contain the 
elements of water, and yet when calcined it gives a white powder. The 
calcspar has lost carbon dioxide, not water. 

To prevent any misunderstanding, the student should here make sure that he 
is perfectly clear about the use of the terms anhydrous and anhydride. The 
latter term, in inorganic chemistry, is applied to those oxides which unite with, 
water to form an acid ; while “ anhydrous ” is a-n adjective applied to oxides, 
salts, etc,, when it is desired to emphasize the fact that they do not contain the 
elements of water — water of crystallization, water of combination, etc. 

Alcohol, C 2 H 5 OH, has a constitution similar to water, but one of the 
hydrogen atoms of water is replaced by the radicle CgHg, and in ether both 
are replaced : 

Water. Ethyl alcohol, . Ethyl ether. 

Both alcohol and hydrogen peroxide can combine with certain other mole- 
cules to form complexes, and thus we speak of ‘‘ alcohol of crystalliza- 
tion,” and “ hydrogen peroxide of crystallization.” Similarly, in view 
of the ammonio sulphates of copper, we might speak of ammonia of 
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crystallizations ; thus cobalt chloride forms CoCL^ONHg and O0GL.6H2O ; 
aiid GoCl2.2NHa and GoCl2.2HaO. 


§ 15. Calcium, Barium, Strontium, Magnesium, Zinc, Ferrous, and 
Lead Sulphates 

Calcium sulphate.—This salt is a by-product in some chemical pro- 
cesses. It occurs in nature in wMte masses as gijpsuni — Ca804.2H20. 
It is used as a fertilizer under the naine “ land plaster,” and also in the 
manufacture of plaster of Paris. If the gypsum occurs in clean fine- 
grained masses, it is called alabaster; and if in colourless translucent 
crystals, selenite. An anhydrous form of calcium sulphate also occurs 
native in rhombic crystals, it is called anhydrite — GaSO^. There is also a 
variety of anhydrous calcium sulphate which is made artificially, and 
which is more soluble than native anhydrite. Artilicial anhydrite is an 
unstable variety. 

A. S. Marggraf (1746) found that when potassium or calcium sulphate 
is heated with charcoal, a gas with a pungent smell characteristic of 
burning sulphur is given off, and hence he inferred that these substances 
are compounds of sulphuric acid ; and in 1765 A. L. Lavoisier proved that 
gypsum is a compound of sulphuric acid and lime, and later analyses of 
the purest varieties show that gypsum is composed of 79T per cent, of 
calcium sulphate, and 20*9 per cent, of water. When these numbers are 
transferred into a molecular ratio, by dividing the -weight by the molecular 
weights of calcium sulphate and water respectively, the empirical formula 
for gypsum corresponds with that indicated above— -CaS04.2H20. 

The action of water on calcium sulphate. — The solubility of calcium 
sulphate varies in an unusual manner with changes of temperature, for it 
gradually increases up to 38 and then diminishes as illustrated in Fig. 183. 

A hydrate in the presence of its solution 
is stable if it be less soluble than the 
other hydrates (or the anhydrous salt) ; 
in other words, if a salt forms several 
hydrates, that hydrate will be stable 
which is in equilibrium with the 
weakest solution. For instance, be- 
low 32 *8 a solution saturated with 
]S[a2S04.10H20 is less concentrated than 
a solution saturated with the aiibydrous 
salt, and accordingly, NagSO^j.lOHgO is 
the stable compound ; above 32‘8'" the 
? solution of anhydrous sodium sulphate 
Gmms CaSO^. per /ooc.c, ig lesg concentrated than a solution of 

Fia. 183.— Solubhity of Calcium Na2S04.10H20, and therefore the anhy- 
Sulphate. drous salt is the more stable form. 

Again, a hydrate will foe stable in 
the presence of a solution if the vapour pressure of the hydrate 
foe less than the vapour pressure of the solutions with which it is 
in equilibrium. If the vapour pressure be greater, the solid phase 
changes to the hydrate possessing the next lowest vapour pressure. 
The hydrate with the largest proportion of water and the smallest 
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vapour pressure mil be formed iii the coldest solution. For instance, 
above 32 - 8 % the vapour pressure of Na2SO4.'i0H2O in contact with 
anhydrous sodium sulphate is greater than the vapour pressure of tlio 
solution saturated with anhydrous sodium sulphate, and therefore Glauber’s 
salt, ISTaoSO^.iOHoO, changes into the solid anhydrous salt and its saturated 
solution. The vapour pressure of an aqueous solution of anhydrite, 
CaS04, at ordinary temperatures is greater than the vapour pressure of 
an aqueous sokition of gjq^sum, GaS04.2H20. Hence, gypsum will be 
deposited from such a solution, and solid anhydrite placed in the solution 
will pass into gypsum. 

The usual eifeot of a foreign salt on a solution is to lower the vapour 
pressure of the solution at a given temperature. This may cause the 
formation of a lower hydrate. Thus the vapour pressure of solutions of 
calcium sulphate containing much sodium and magnesium chlorides is 
lower than the vapour pressure of a solution of gypsum, and accordingly, 
anhydrite is deposited from such solutions ; again, if gypsum be placed in 
the solution, it will pass into anhydrite. For instance, gypsum in contact 
with pure water changes into anliydrite at about 66 ®, but in contact with 
a saturated solution of sodium chloride, the inversion temperature, 
CaS04.2H20 = 2H2O + GaS04, is as low as 30 ® ; whde if other salts are 
present, the inversion temperature may be still lower. This explains the 
formation of anhydrite when the Stassfurt deposits were laid by the natural 
evaporation of sea- water. If anhydrite does occur in nature, it generally 
occurs in deep-seated regions protected from moist air. If it occurs near 
the surface, and is so brought in contact with moisture, it is always asso- 
ciated with gypsum into which it is slowly changing. The presence of 
anhydrite in the Stassfurt deposits was inexplicable xintil these facts were 
diseovered: The absence of the hemihydrate was also puzzling until it 
was found that the hemihydrate is in an unstable condition if other more 
stable forms are present, when it slowly changes into gypsum or anhydrite 
if one of these salts be in contact with it. The hemihydrate is stable under 
a “wide range of conditions if the more stable anhydrite or gypsum bo 
absent. 

Plaster of Paris. — When gypsum is heated to about 120 ® it loses the 
equivalent of 1-1 molecules of water, and forms a hemihydrate, (GaS04)2li20, 
as a white powder called plaster of Paris — because of the large deposits 
of gypsum employed for the manufacture of plaster at Montmartre (Paris), 
The transformation or inversion temperature is represented : 

2 CaS 04 . 2 H 20 ^ (CaS 04 ) 2 H 20 -j- SH^O 
If gjq^sum be heated with water under pressure at 150 ®, silky ” 
needle- like crystals of the hemihydrate are formed. Hence this hydrate 
is said to occur in “ boiler deposits ” when water containing gypsum in 
solution is heated in steam boilers. The hemihydrate is unstable as 
indicated above. Plaster of Paris is a mixture of the anhydrous, dihydrate, 
and hemihydrate, and hence in virtue of the presence of the hemihydrate, 
it too is an unstable system. The change of the hemihydrate into 
anhydrite and gypsum is so very slow at or<Snary temperatures that the 
setting qualities are not lost by prolonged storage out of contact with air, 

Wlien piaster of Paris is wetted with? s^y^ one-third of its weight of 
water, ’it forms a plastic mass which'** ’.sets'* Hu. 'froiii § to 16 minutes to 
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a white, porous, hard mass. Plaster of Paris is a valuable material for 
making exact reproductions of statues, ornaments, moulds, decorative 
work, eta The slight expansion which occurs during the setting of plaster 
of Paris enables it to make a sharp reproduction of the details of a mould* 
Different grades are used for wall piasters, cements, paper sizmgs, eta 
Admixtures of borax, alum, etc., with the plaster retard the rate of setting ; 
while common salt, etc., accelerate the rate of setting. Alum makes set ” 
plaster much harder — ^the mixture of plaster with alum is called Keeiie^s 
cement / while a mixture with borax is called parian cement ; and a 
mixture of piaster with hydraulic lime is called Scotfs selenitic cement 

Plaster of Paris, in setting, reforms a mass of interlacing needle-like 
crystals of the dihydrate. Good plaster of Paris probably contains a 
mixture of the dihydrate, hemihydrate, and the anhydrous salt. A:nhy- 
drous calcium sulphate is more soluble than the dihydrate, and accordingly, 
when water is mixed with the plaster, the anhydrite dissolves first, and 
passes into the dihydrate. This recrystallizes about the undissolved 
particles of the dihydrate in needle-like ciystals. 

If plaster of Paris be heated above 200°, it passes into anhydrous 
calcium sulphate which does not' harden and set because it takes up water 
very slowly. This is the so-called ‘‘ dead-burnt ” plaster. A. Potylitzin 
called this jS-CaSO^ to distinguish it from the a-CaS04, formed between 
120° to 200°, which readily takes up water and hardens. According to 
Rohland, another soluble form, similar to, if not the same as a-CaS04, 
is formed when gypsum is heated to about 520°. This is the “ Estrich* 
Gyps ” or “ flooring plaster ” of the Germans, so named because it is 
largely used in Germany for making floors. The slower rate of setting of 
the hard-fired plasters is probably due to (1) delayed recrystallization 
of the dihydrate owing to supersaturation ; and (2) to the slower rate of 
solution of the anhydrite calcined at a high temperature. The texture of 
the set ” plaster is thus dependent on the rate of setting, which is in turn 
dependent upon the composition of the plaster, that is, on the tempera- 
ture of calcination, impurities in the native gypsum used in maldng the 
plaster, etc, 

A series of double sulphates of calcium and the alkali metals M have 
been prepared — syngenites, CaM2{S04)2.H20. Potassium syngenite, 
CaK2(S04)2.H20, occurs in Staesfurt salts. Ammonium syngenite is formed 
in silky needles when calcium sulphate is added to a nearly saturated 
solution of ammonium sulphate. 

Barium and strontium sulphates. — Native strontium sulphate — 
SrS04 — is called celestine. Barium sulphate occurs in nature as barytes 
or heavy spar which occurs in large rhombic prisms. Crystals of anhy- 
drite and of the barium and strontium sulphates are deposited from solu- 
tions in hot concentrated sulphuric acid. Barium, strontium, and lead 
(not calcium) sulphates are isomorphous. They form mixed crystals with 
one another, hut calcium sulphate does not form mixed crystals with the 
others. Changes analogous with those observed with the hydrates of 
calcium sulplmte have not been observed with barium and strontium 
sulphates. Calcium and barium sulphates are reduced by heating in a 
stream of dry carbon monoxide; between 900° and 950° ; the reduction 
commences at about 680° or ,1700°., Reduction with carbon in an atmo- 
sphere of nitrogen commences ai about 700°, and is completed at 1000° ; 
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at low temperatures, tlie carbon is converted into carbon dioxide, and at || 

higb temperatures into carbon monoxide. Barium and strontium sulphates | 

are formed as heavy white precipitates when sulphuric acid, or a soluble 
sulphate, are added to solutions of barium or strontium salts respectively. !' 

The precipitates are very sparingly soluble in water. Comparing the 
solubilities of barium, strontium, and calcium sulphates : 100 grams of 
water at 10° dissolve 0T9 gram of CaS04- — calcium sulphate ; OTO gram of 
SrS04 — strontium sulphate ; and 0*0002 gram BaS04“— barium sulphate. 

The low solubility of barium sulphate is utilized for the detection and 
determination of both barium and sulphuric acid. If a soluble sulphate 
be added to a soluble barium salt, the barium wiE be precix3itated as barium 
sulphate ; and conversely, if a soluble. barium salt be added to a soluble 
sulphate, the “sulphate” will be precipitated as barium sulphate. Barium 
sulphate is fairly soluble in hot concentrated sulphuric acid, and the solu- 
tion, on cooling, deposits an acid barium sulphate— BaS04.H2S04. The 
solution also deposits the normal sulphate as a white precipitate when 
diluted with water. Double sulphates of the type SrS04.K2S04, and 
SrS04.(NH4)2S04, have been reported. 

Barium sulphate is used as a source of the barium salts — one method 
of transformation was discussed in connection with barium chloride ; in 
a second j^rocess, the barium sulphate is fused with sodium carbonate : 

BaS04 + NagCOg = BaCOg + Na2S04. - The sodium sulphate can be 
leached out with water, and barium carbonate remains as a residue. This 
can be dissolved in the acid necessary for the production of the required 
salt. If the product of the reaction be treated with an acid, before washing 
out the sodixim sulphate, the barium salt, formed by the action of the 
acid on the carbonate, will at once react with the soluble sulphate and 
regenerate insoluble barium sulphate. Barium sulphate is employed 
under the name “ permanent white ” in the manufacture of paint, as a 
filling for writing paper, etc. 

Magnesium sulphate, MgS04. — ^Magnesium sulphate occurs as Meserite, 

MgS04.H20, in the Stassfurt deposits. When kierserite is digested with 
water, and the solution purified by recrystallization, colourless rhombic 
prisms of the heptahydrate — MgS04.7H20 — separate from the' cold 
solution. When the temperature is about 30°,. monoclinic prisms of the 
hexahydrate — ^MgS04.6H20 — ^are formed. Several hydrates are revealed 
when magnesium suijDhate is studied by the method employed for ferric 
chloride. At 150° the crystalline salt passes into the monohydrate, 
kieserite, MgS04.H20 ; and at 200° the anhydrous salt is obtained with 
partial decomj^osition. Magnesium sulphate forms a series of double 
salts — ^MgS04K2S04.6H20, sckonite — crystallizing in monoclinio prisms, 
isomorphous with MgS04.7H20. Lilre barium sulphate, crystals of the 
acid salt MgS04.H2S04 are deposited from a hot solution of magnesium 
sulphate in sulphuric acid ; and from cold solutions, the acid salt MgS04. 

3H2SO4 is crystaHized. Crystalline magnesium sulphate — ^MgS04.7H20 
— ^is also called “ Epsom salts,” or epsomite^ because it occurs abundantly 
in the water of the Epsom springs. This salt , is used in medicine ; in the 
tanning and dyeing industries ; and in the manufacture of paints and soaps. 

Ferrous sulphate, FeS04. — ^The rhombic prisms of MgS04.7H20 are 
isomorphous with the corresponding salts of zinc — ^ZnS04.7H20 ; BeS04. 

7HaO; cadmium— 0dS04.7H2O ; ironi— FeS04.7H20 ; manganese-— 
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M11SO4.7H3O ; chromimii — CrS04.7H20 5 cobalt— C0SO4.7H3O ; and 

nickel— N.8O4.7H2O. It is interesting to not© that copper siilpbat© 
nomialiy crystallizes, CUSO4.5H2O, but a sjalt isomorphons with the 
above seiiesi^ CuSO^.THaO, is formed when copper sulphate in admixture 
with the sulphate of iron, zinc, or magnesium, is allowed to crystallize. 
Ferrous sulphate— FeS04.7H20— is also called green vitriol” and 
copperas.” The term ‘‘ copperas ” appears to be a coiTuption of the 
French couporose/’ which, in turn, is a corruption of the Latin “ oupri- 
jjosa ’’—literally rose of Cyprus,” Cyprus was once renowned for its 
copper mines. The German word for copperas is vitriol,” a term used 
by Pliny, about 50 a.d. Pliny described this substance as vitrioius qua-Bi 
vitrumd’ meaning vitriol, a kind of glass,” since the crystals resembled 
green glass, but diftered from glass in being easily soluble in water. 
Sulphuric acid was obtained from “ vitriol,” and Geber accordingly 
gave it an Arabic name, which, translated into English, xneans oil of vitriol. 
The term oil ” was applied because the acid hows sluggishly like olive 
oil, and it has an oily feel when rubbed between the fingers (this latter 
experiment is dangerous). Ferrous sulphate is used in the manufacture 
of blue pigments ; as a mordant ; and in the manufacture of black 
■inks.: ■ 

Ferrous sulphate can be made by dissolving iron in sulphiu'ie acid, and 
also by. exposing iron pyrites (marcasite) to air and moisture. Oxidation 
occurs, and the liquid which drains away contains ferrous and fenio 
sulphates and sulphuric acid ; the “ drainage solution ” is converted into 
ferrous sulphate by the addition of scrap iron; on crystallization, the 
solution furnishes pale green ciystais of ferrous sulphate — FeS04.7H20, 
Crystals with 1 , 2 , 3 , 4 , 5 , and 6 molecules of water of erystalhzation have 
been reported. Aqueous solutions of the salt oxidize quickly when exposed 
to the air ; the ciystais also gradually turn brown, presumably owing to 
the formation of a basic ferric sulphate, say, Fe20(S04)2, which does not 
dissolve completely in water. The double salt — ^FeS04.(NH4)2S04.6H„0 — 
ferrous ammonium sulphate, or, Mohr’s salt, is employed in voluinetrio 
analysis. Its aqueous solution, particularly if acidified with sulphuric 
acid, oxidizes much more slowly than ferrous sulphate. 

Zinc sulphate, ZnS04.7H20. — ^This salt is very like the magnesium 
sulphate in its general behaviour. It is made by roasting the native 
sulplude in air. The zinc sulphate which is formed at the same time is 
extracted with water— wde p, 37 . The salt is called “ white vitriol” 
Zinc sulphate is used in making certain battery solutions* 

The hydrolysis of zinc and magnesium salts. — Reference might 
BOW be made to the hydrolysis of zinc and magnesium chlorides, p. 2^7. 
The electrical conductivity of the purest water yet made is veiy slight, 
but it can be detected;^ it is 0 - 000000038 , this number means that a 
column of water one centimetre long will not conduct an electrical current 
so well as a column of mercury of equal cross section and extending more 
than 30 times round the earth. Accordingly, it is infxuTod that the purest 
water yet ' mad© k slightly ionized-:; HaO ^ + OH', -and that water is 

thus an amphoteric oxide. Eighteen grains of such water contains about 
^ of R* ions, and toofem of a gram of OH^ ions, 
if all or part of one or other of these two ions be removed, more w^ater 
molecules will ionize in order tO: keep the equilibrium value constant* 
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Tho ionizcition of a fow woak acids deduced, from conductivity iiieasiire- 
nients for ^ N-solutions, with HOI as standard of reference, is 

Hydroclilorie acid . . . . . ♦ , . * , 01*400 

Carbome acid , , . . , ■ . ^ , * 0*174 

Hydrosulphimc acid . . . , , . . , . 0*075 

Boric acid . ' :V . . . ; . ,0*013 : 

Hydrocyanic acid. . , . . . ... . 0*011 


Eliic sulphate is completely ionized in dilute solution, ZnS04 ^ Zn* * + SO/. 
The Zn* • ions pair mth the OH^ ions of the water to form feebly ionized 
Zn(OHj2 molecules; more water is ionized in order to maintain the 
equilibrium value, H2O ^ H* -|- OPT ; and these actions continue until the 
concentration of the zinc hydroxide has attained the equilibrium value, 
Zn(OH).2 ^ Zn*’ + 20H/. When that occurs, a considerable proportion 
of the OH' molecules have been withdrawn from the solution to form 
molecules of zinc hydroxide, and an excess of the H* ions in solution are 
‘‘ paired,’* so to speak, with the SO4" ions of the zinc sulphate. The 
scheme may be represented : 


ZnSO^ ^ Zn- 
“H 

2HoO ^ 20H' 

1 

§ 


+ SO/' 
“h 

4-2H- 

t 

O 


An aqueous solution of zinc sulphate thus behaves in many ways lilce a 
solution of sulphuric acid — e,g, turns blue litmus red, etc. If an ahcali, 
say, sodium hydroxide, be added to the solution of zinc sulphate, the OH' 
ions of the base unite directly with the H* ions of the acid to form water, 
and if just sufficient OH' ions be added to remove ah the H* ions of the 
acid, the solution will contain nothing more than would be obtained by 
dissolving sodium sulphate in water ; the zinc hydroxide is removed from 
the solution by precipitation when its concentration exceeds the solubiMty 
coefficient. 

Lead sulphate, PbS04. — The mineral anglesiie is the native form of 
lead sulphate. Its rhombic crystals are isomorphous with stroiitium a,nd 
barium (not calcium) sulphates. It is formed as a white precipitate wdien 
sulphuric acid or a soluble sulphate is added to a solution of a lead salt. 
Vide p. 526. A solution of lead sulphate in sulphuric acid, when boiled, 
deposits acid lead sulphate — ^PbS04.H2S04.H20. Lead sulphate dissolves 
in hot concentrated hydrochloric acid, in ammonium acetate, and in sodium 
thiosulphate. When potassium sulphate is added to a soluble lead salt, a 
double lead potassium sulphate, PbK2{S04)g, is formed. To prevent the 
precipitation of this salt when lead is precipitated as sulphate in analysis, 
the precipitation is made in boiling solutions. An ammonium lead 
sulphate has also been prepared. The basic lead sulphate 2PbS04.Pb0 is 
made commercially by reducing galena. With carbon, and subliming the 
product in a stream of air. It is used as a. white white 

lead — and is not so readily discoloured as wMte lead. 
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§ 16. Aluminium Sulphate and the Alums. 

Aluminium sulphate, Al2(S04)3.— -This salt is prepared by dissolving 
the hydrated oxide in sulphuric acid. Large quantities too are made by 
dissolving bauxite, and the purer varieties of clay in the same acid. Clay 
roasted at a dull red heat is more readily attacked by the acid. The crude 
aluminium sulphate so obtained is called “ alum-cake,’’ and if much iron 
is present, ‘‘ alum ferric cake,” used in the lourification of sewage. A 
purer sulphate is made by heating bauxite with sodium carbonate, or 
by boiling cryolite with milk of lime. In each ease a solution of sodium 
aimiiinate — AlaOg.SNagO — almost free from iron is obtained. The sodium 
aluminate is then decomposed by a current of carbon dioxide, and the 
precipitated aluminium hydroxide is dissolved in sulpliurie acid. When 
the solution is concentrated, the mass solidifies to a uliite solid which 
does not crystallize very readily. The crystalline sulphate lias the com- 
position represented by : Al2(S04)3.18H20. 

The aqueous solution of aluminium sulphate has an acid reaction, and 
111 the presence of zinc it evolves hydrogen ; a basic sulphate is formed 
at the same time. Obviously, the aluminium sulphate is hydrolyzed in 
aqueous solution ; Al2(S04)3 + GHgO 2A1(0H)3 -f 3H2SO4. The basic 
sulphates are formed by boiling the sulphate with freshly precipitated 
aluminium hydroxide. The composition of the aluminium sulphates — 
aluminium tervalent — can be represented graphically : 


.OH 

Ab^^OH 

\OH 




AI^(OH), 


Al-liydroxide. Dibasic sulphate. Monobasic sulphate. 


AJ-^gO^ 

JToi'mal sulphate. 



One bivalent oxygen atom can be introduced in place of two univalent 
hydroxyl groups, when the anhydrous basic sulphates are in question as 
illustrated by the basic ferric sulphates below. The mineral Iceramohalite 
or^'alunogen is a monobasic sulphate, Al20{S04)2.12H20, found in Chili. 
Werner has another mode of viewing the constitution of the alums which 
will be described later. 

Alums. — ^When a hot solution of aluminium sulphate is mixed with 
potassium sulphate, and the solution is cooled, octahedral crystals of a 

double sulphate of aluminium and po- 
tassium separate. The octahedi’al form 
is not always recognizable directly on 
account of the abnormal development 
of one or more faces. Thus, shapes 
like Fig. 184 may be obtained. Cubic 
crystals of alum can be obtained by adding a little ammonia or alkali 
carbonate to a solution of ordinary alum at 30'^ to 40®, and a, Hewing it to 
cool. If the liquid be heated to a higher temperature, a basic sulphate 
may be deposited, and ordinary cryst^ of alum formed as the solution 
cools. The salt has the empirical formula, KgS04.Al2(S04)3.24H20, or 
else KA1(S04)2.12H20,, This salt is a typical member of a large number 
of isomorpbous compounds which are called alums.” Their general 
formula is: 


Fig, 184. — Abnormally developed 
Alum Crystals. 
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where represents an atom of a univalent metal or radicle — ^potassium;, 
sodium,, ammonium, rubidium, csesium, silver, and univalent tliallram ; 
and represents an atom of a tervalent metal — aiuiiiiniuni, non, 
chromium, manganese, cobalt, rhodium, indium, gallium, and. tervalent 
thallium. An iridium rubidium alum has also been reported. The report 
of a sliver alum has not been confirmed. Soda alum is formed in well- 
defined octahedral crystals by mixing supersaturated solutions of the two 
component sulphates at ordinary temperatures and then cooling the liquid; 
or by mixing neutral solutions of the component sulphates, evaporating 
to a specific gravity 1 ‘ 3 S to 1 * 42 , and cooling the liquid. If the crystalli- 
zation starts above 30 ^, small crystals of aluminium sulphate are formed, 
but these give way to the crystals of soda-alum on standing some weeks. 
An alum is a compound which crystallizes with 12 molecules of water, a-ud 
is derived from two molecules of sulphuric acid by replacing one hydrogen 
atom by a univalent atom or radicle ; and the remaining three hydrogen 
atoms by a tervalent metal : 

Potash alum . . . ... . . IvAl(S04)2.12H20 

Ammonia alum . . . ..... NH.AhSOJo.lfefjO 

Iron alum , , . . . . . . . KFe^SO^dg-lSHgO" 

Ammonium ferric alum . . . . . NH4Fe(S04)2.12H20 

Rhodium thallium alum . . . . . TlRh( 804)2.121-120*' 

Ccesium manganese alum . , . . . 0sMn{SO4)2,12lT2O 

Chromium potash alum . . . . . KCr(S04)2.12H20 

Potash-alum or kalinite occurs native as the result of the weathering of 
iron pyrites and alkali rocks. Mixed crystals of different alums are readily 
obtained by allowing mixed solutions of difiereht alums to crystallize ; 
and crystals of one alum, say chrome alum, grown on the surface of 
ordinary alum, or conversely, can be obtained. A series of selenium alums 
have also been made in which the sulphur atom in KgSO^ is replaced by 
an atom of selenium. The selenium alums are isomorphous with the alums 
proper. 

The stability of the alums generally decreases with increasing atomic 
weight of the tervalent metal, and increases in stability with increasing 
atomic weight of the univalent metal. For example, sodium forms 
alums only with the lightest tervalent metals — aluminium, vanadium, 
and chromium ; potassium forms stable alums only with aluminium 
and chromium. The ferric and gallic alums readily form basic salts ; 
and indium does not form a potash-alum, but gives instead the double 
sulphate K2S04.In2(S04)3.6(and 8)H20; titanium forms an alum only 
with csesium and rubidium. Lithium does not form a well-defined 
‘‘alum,” and soda almn is not easy to make. The alums are usually 
much more soluble in hot water than in cold ; and they are deposited 
from cooling concentrated solutions of the two salts in the form of 
octahedral or cubical crystals. The solubilities of a number of alums have 
been compared by J. Locke, and his results are, at ordinary temperatures : 



K 

NH 4 

T1 

Rb 

Cs 

Aluminium . 

, 0'28 

0-39 

0*18 

0*06 

0*01 mols per litre. 

Vanadium . 

^ — 

1*21 

0*67 

0-18 

0*02 ,, ,, 

Chromium . 

. 0*44 

0'41 

0*21 

0 OS 

0*02 „ 

Ferric (iron) . 

. , — 

1*66 

0*80 

0*29 

0*05 „ 

Indiam . 




■" ; 'v.tV' 

0*17 „ 


With a given tervalent metal, the higher the atomic weight of the alkali 
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metal the less the solubility of the corresponding alum. Ammonia alum 
is rather more soluble than potash-alum. Thaliiuni alums come between 
potash- and rubidia-alums. In passing through the tervalent elements, 
the solubility of the alum formed with a given alkali metal increases witli 
the atomic weight of the tervalent element. The difference is more 
marked with the lighter univalent metals. The chrome alums coming 
between those of vanadium and iron show the same general behaviour as 
the other alums, but they do not fall in with the solubility rule for increasing 
atomic weights. The molecular volumes and melting points of such alums 
as do not decompose also fall into the same relative order as their solubilities. 

The solubilities and melting points of the alums of the alkali metals are 
compared in the following scheme : 

Sodium. Potassium. Ammonium. Rubidium. Caesium. 

Melting point 92-5° 94-5“ 105“ 120“ 

Solubility 1 1 00 grams water .51 15 12 2*2 0*0 


When heated, 'the alums give up their water of crjrstallization. Potash- 
alum melts at about 92 - 5 °, and slowly loses all its water of crystallization 
at 100*^; at higher temperatures, the water is driven off more rapidly, 
and leaves behind a white porous mass caUed “ burnt alum.’’ Ammonia 
alum when calcined gives a residue of alumina — AloOg — ^which may 
contain traces of sulphates. The soluble sulphates can be removed by 
washing. 

Pseudo-alums. — A series of double sulphates, sometimes called pseudo- 
alums, can be made by introducing a bivalent element — manganese, ferrous 
iron, copper, zinc, magnesium — ^in place of the univalent element of 
ordinary alums. Thus, 


Al2(S04)3.MnS04.24H30 
Manganese -aluminium pseudo -alum. 


AL(S04)3.EeS04.24H20 
Ferrous -aluminium pseudo -alum . 


The latter is related to the mineral hahtrichite. These alums are not 
isomorphous with ordinary alums. 

Alum-stone or alunite is a kind of basic alum — K2S04.Al2(S04)3, 
4A1(0H)3— -found near Rome, in Hungary, etc. It is supposed to have 
been formed by the action of volcanic sulphur dioxide on the felspathic 
rocks. It is insoluble in water, but, on calcination, it gives a residuum of 
alumina (mixed with ferric oxide as impurity) and potash-alum passes into 
solution when the mass is digested with water. Alum prepared in this 
way is called Roman alum,” and that which occurs in commerce is 
crystallized in cubes. Roman alum is fairly free from iron, and it lias been 
in demand — ^in dyeing, etc.— where a specially pure alum is required ; but 
the modem methods of preparation furnish an alum quite as free from iron. 

Chromic sulphate, Crg(S04)3, forms alums isomorphous with those 
produced by ferric and aluminium sulphates. With sulphuric acid, 
chromic sulphate forms a series of acid sulphates — chromosulphuric acids : 


Chromic 


r>^04 

Chromosulphuric, 

acid. 


C,^(HS0,), 

n>S0, 

Cliromodisulphuric 

acsid^ 


sulphate. 

A chromopyrosulphuric acid iratit the radicle HS-O: 

Cr(OH)(HSiiO,)j. 


(CrHSOJs 

Chromotrisulphurio 
acid. 

2O7 has been prepared, 
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^ Ferric sulphate, ^02(804)3. — This salt is prepared by adding sulphuric 
acid and an oxidizing agent — ^nitric, acid, hydrogen peroxide, etc. — to 
ferrous sulphate, ■ -f H2SO4 + HgOg = Fe2{S04)3 d-2H20. 

If the solution be boiled, a basic sulphate is precipitated. On evapora- 
tion at a low temperature, a white mass ■ of anhydrous salt, 1^2(804)3, 
mixed with a little basic sulphate is formed. If the solution of ferric 
sulphate be mixed ' with, the ' necessary amount of potassium sulphate, 
violet octahedral crystals of iron alum, mentioned above, separate. 
The formula) of some basic ferric sulphates are ; 


■rj, 

^ >bU4 




•1’ 

Ferric 

Ferric 

Ferric 

Ferric 

sulphate. 

oxysulphate. 

dioxysulphate. 

oxide. 


A series of h^^droxybasio sulphates are represented graphically by formulse 
similar to those employed for the basic aluminium sulphates. 

Cobaltic sulphate, 002(804)3, -when a solution of cobaltoixs sulphate 
and sulphuric acid is electrolyzed in the anode compartment of a divided 
cell, with dilute sulphuric acid about the cathode, crystals of cobaltic 
sulphate are formed. When the salt is treated with potassium or ammo- 
nium sulphate, blue octahedral crystals, isomorphous with the alums, are 
formed. Both the cobalt alums are unstable, readily decomposing in 
aqueous solution with the evolution of oxygen. 


§ 17 . Persulphuric Acid and the Persulphates. 

M. Berthelot ( 1878 ) found that when a mixture of ox^^gen and sulphur 
dioxide is exposed to the silent discharge in an ozone tube, oily drops of 
sulphur heptoxide, S2O7, are formed: 2802 + 03 = 800-. The liquid 
forms white crystals at It gradually decomposes, on keeping, into 
sulphur trioxide and oxygen. Sulphur heptoxide combines with water 
with a hissing noise like sulphur trioxide, but the solution has not the 
same properties as if sulphur trioxide alone had been dissolved in the water* 
A similaj’ solution can be obtained by mixing concentrated sulphuric acid 
with hydrogen peroxide in the cold, and by the electrolysis of concenti*ated 
sulphuric acid. 

The preparation of persulphates. — It will be remembered that when 
dilute sulphuric acid is electrolyzed, hydrogen and oxygen are obtained 
in the proportion : 2 volumes of hydrogen, and one volume of oxygen. As 
the concentration of the acid is increased, lass and less oxygen is evolved ; 
unto, with 50 per cent, sulphuric acid and a cold solution, inapi^reciabio 
quantities of oxygen will bo disengaged at the anode. A new compound 
is formed— porsuiphiiric acid, HgSaOft. The best \vay of studying this 
! action is to electrolyze a saturated, solution of potassium sulphate in 

sulphuric acid, specific gravity about I'S. 

The solution is placed in a test-tube, A, Fig. 186, so that the test-tubs is about 
three-fourtlis filled. The test-tub© is fixed hi a large beaker by means of the 
wire O. A glaas cylinder, m fixed" in. the,, test-tube by means of the wire B. A, 
coil of platinum wire — the cathode— is allowed to dip into the solution of potas- 
sium sulphate as indicated in th© -diagram "and a platinum wire seaW to a: 
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piece of glass tube so ttia-t about IJ to 2 cm. of the wire projects from tlie tube 
forms the anode. This is fixed within the cyiinder. The largo beaker is filled 
with water in which pieces of ice arc floating — “ iced- 
water,** A current of about one or two amperes is 
sent through the solution. Hydrogen appears at ^ ^ ^ ^ j 

the cathode; and a white crystalline mass accu- 
mulates at the anode. In about 45 minutes the 
current may be stopped, the white crystails of 
potassium persulphate collect on a filter paper; 
wash with alcohol ; and finally with ether. 

The formula K2®2^s ^ conformable witli 
the change in the molecular condiictmty of 
solutions of the salt with diiutioib and with 
the lowering of the freezing point of soliitiGiis 
of the salt. H. Marshall, tvho first ^ 

potassium persulphate in 1891 , suggested the 
formula ESb4, but later favoured the doubled 1 

formula given above. 

The properties of persulphates.- — The solid 
persulphates are fairly stable. Potassium per- 
sulphate decomposes on heating into potassium pyrosulphate and oxygen : 

2K3S2O8 == 2K2S2O7 + Og. An a(3[ueous solution of a persulphate is a 
powerful oxidizing agent, and is used for that purpose in analytical 
work, e.g, it precipitates a brown manganese peroxide from soluble man- 
ganese The persulphates slowli/ liberate iodine from solutions of 

potassium iodide ; oxidize iodine to iodic acid, etc. A solution of a 
manganese salt gives a precipitate of manganese peroxide with potassium 
persulphate ; but, in the presence of silver nitrate, is oxidized to pink 
permanganate — MarshaWs reaction. The intensity of the coloration is 
proportional to the amount of manganese present, and hence the reaction 
is utilized for the colorimetric determination of manganese. The silver 
salt is said to act catalytioaily presumably by the continuous formation 
and reduction of silver peroxide. Unlike hydrogen peroxide, the per- 
sulphates do not give orange-yellow colorations with titanium salts. Most ^ 

of the persulphates are soluble. Barium persulphate is readily soluble in 
water. Hence barium chloride gives no precipitate with the persulphates, 
although it does give a precipitate with a sulphate, but if the persulphate 
be decomposed by v/arming, a precipitate of barium sulphate is obtained. 

A dilute solution of the acid — ^persulphuric acid, also called perdisulphuric 
add — can be made by treating the barium persulphate with sulphuric acid. 

The persulphates are used in photography for ‘‘reducing” negatives; 
and ammonium persulphate is used in technical organic chemistry. 

Carols acid. — ^If potassium persulphate be digested with 40 per cent, 
sulphuric acid in a freezing mixture so that there is no rise of temperature ; 
or if concentrated sulphuric acid and hydrogen peroxide (5 per cent.) bo 
mixed together, a permonosulphuric acid is obtained: H2SO4 -f- HgOg ^ 

HgO -jr HaSOg. The solution is sometimes caUed Caro’s acid, HaSOg — S 

after its discoverer, N. Caro, 1898 . An acid, 92'3 per cent, purity, has been 
made by the action of pure hydrogen peroxide on sulphur trioxide: 

H2O2 4 “ SO3 = HgSOg, or on sulphuric acid free from water* The 
equilibrium condition HgOg + H2SO4 H2SOg + HgO is reached when ] 

about two-thirds of the theoretical monopersulphuric acid is formed. The I 

pure acid forms a white crystalline mass which melts at about 45% and it ; 
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COMPOOTDS OF SULPHUE OXYGEN 


545 


is comparatively stable. Like persulphurio acid, Caro’s acid has strong 
oxidizing qualities. Unlike persulphinio acid, it liberates iodine from 
potassium iodide ai once. It also oxidizes siilphur dioxide to the trioxide ; 
ferrous salts to ferric salts ; hydrogen chloride to cldorine, but it is without 
action on hydrogen fluoride ; and precipitates peroxides from salts of 
silver, copper, manganese, cobalt, and nickel. It does not bleach per- 
manganates, nor oxidize chromic nor titanium salts, and is therefore distinct 
from hydrogen peroxide. It decomposes explosively in contact with 
finely powdered platinum or silver, but not with lead or zinc dust. Celiuiose 
and wool are instantly decomposed by the acid. All the metals examined, 
except gold and platinum, react with persulphate solutions, either passing 
directly into solution, or remaiiiing undissolved in the form of oxides or 
basic salts. No gas is evolved in the case of zinc, nickel, etc. The relations 
of the two acids with pyro- or di-sulpliuric acid, will appear from the 
supposed graphic formula : 

^ .SO 2 .OH 0-™S02.0H O--SO 2 .OH 

'-'SsOg.OH 6— S02,0H oh 

Disulphuric acid. Perdisulphuric acid. Caro’s acid. 

Persuiphuric acid is accordingly sometimes called perdisulphuric acid 
to distinguish it from “ permonosulphuric acid ” or Caro’s acid. Another 
scheme brings out the relation of these persuiphuric acids to hydrogen 
peroxide : 

0-~.H 0— SO 2 — OH 0~-"S02— OH O^-SOg. n 

O—H 6--H 6— SO 2 — OH O—SOs^ 

Hydrogen peroxide, Caro’s acid. Persuiphuric acid. Sulphur heptoxide. 


There has been some discussion whether Caro’s acid is monobasic, 
H2SO5, or dibasic, HgSgOg, The analysis of the potassium salt is not con- 
clusive, since KHSO5 would have the same ultimate composition as the 
salt KgSoOg.HoO. Benzoyl chloride, CgHs.CO.CI, reacts with the potas- 
sium salt of Caro’s acid, forming the benzoyl derivative. This reaction 
undoubtedly corresponds with the monobasicity of the acid : 


0— SO.OK 


0~-S020K , p -ft no n tth 4- Q-SOgOK 

O^PI + C6H5.CO.Cl -- HU + o-CO.GeHs 

It is very unlikely that this result would occur if the formula of the salt in 
question were KoSgOg.HgO. The synthesis of Caro’s acid by the action of 
the calculated quantity of chlorosulphonic acid, SOgClCOH), on pure 
hydrogen peroxide in the cold : 

|0>“ + H.O.-H01 + gl|»-OH 

is in agreement with the view of the molecular formula just indicated. 

Persuiphuric acid. — If Caro’s acid be mixed with the calculated 
quantity of chlorosulphonic acid, crystals of persuiphuric acid are formed : 
0— SO,OH , 01 rrr., , Q— SO 2 OH 


SO2OH 


= d- o^sOoOH 


The hydrogen chloride is removed by keeping the mixture in a desiccator 
under "reduced pressure. The white crystalline mass so obtained is more 
stable than Caro’s acid. It melts just above 60 ° with decomposition. 
The aqueous solution is first hydrolyzed into Caro’s acid and suipliurie 
acid : H^SaOg + HgO == HgSOa + H2SO1 ; and then decomposes into 
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oxygen and sulphuric acid : 2H2S20g -h' == 4H2SO4 -j- Oo. In con- 
sequence, the pure acid cannot be prepared by treating the persuipliatos 
with dilute acids, as indicated above, and then concentrating the solution* 
Hydrogen peroxide is made technically either by distilling the solution 
of persulphurio acid obtained by the electrolysis of sulphuric acid, or by 
distilling potassium persulphate with dilute sulphuric acid. When sodium 
or potassium persulphate is exposed to the action of sulphur trioxide vapour 
two molecules of the latter unite with one molecule of the former, producing 
potassium perpyrosulphate, KS20e.02.S20(}K* 

0 — so.oK ^ .sOoOe: 0 — 0.SO0.0.S0.0K 

6— soIoK 6 --~o.so;o.so;ok 

Persulphate. Pyrosuiphate* Perpyrosulphate. 

The perpyrosulphates deliquesce in air without the evolution of 
oxygen, and the solution contains both persulphuric acid and hj^drogen 
peroxide ; in direct contact with water the salt dissolves with a liissing 
noise giving ofE ozonized oxygen. 

§ 18. Thiosuiphuric Acid and the Thiosulphates. 

Preparation. — If an aqueous solution of sodium sulphite, Na2S03, be 
exposed to the air, one oxygen atom per molecule of sodium sulphite is 
taken up, and sodium sulphate, Na2S04, is formed: 2Na2SO,-j -f O2 — 
2Na2S04. Similarly, if sodium sulphite be digested with finely divided 
sulphur for some time, one atom of suljAur per molecule of sodium sulphite 
is taken up, and a new salt, sodium thiosulphate, Na2S203, is formed ; 
NaaSOg + S == NagSgOa. These reactions suggest some analogy in the 
structure of the thiosulphates and the sulphates ; and this is emphasized 
by the term ^/^^'o-sulphates, meaning a%Zi?Ao-sulphates — ^from the Greek Setop 
(theion), sulphur. The term sodium hyposulphite formerly applied to sodium 
thiosulphates obviously meant “ a salt derived from a sulphur acid con^ 
taining less oxygen than sulphurous acid, or less oxygon per moleetiie than 
a sulphite ; with the sodium salt, such a substance would have the formula 
NagSOg.” So long as such a salt was unknown, no confusion could arise, 
but when Sehiitzenberger’s acid was discovered, § 4, it became necessary 
to apply a term other than hyposulphite to the photographer's hypo- 
suipliite ” in order to keep the notation consistent. 

Sodium thiosulphate is also formed when a mixture of sodium sulphide 
and sulphite is treated with iodine : Na^S + Na^SO^ + Ig = NagS^Og -f 
2NaI. This reaction is sometimes supposed to occur in two steps: 
NaaS 4- 12 2NaI 4“ B ; and the liberated sulphur acts upon the sodium 
sulphite as indicated above. The net result of the reaction is that the 
iodine withdraws one atom of sodium from the molecule of sodium sulphide 
and one from the sodium sulphite, wlxile the residues unite to form a more 
complex molecule condensation product This operation is sometimes 
called Spring’s reaction — ^after W. Spring’s syntheses of the thionic acids 
by this reaction in 1874 : 
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The thiosulphates are also fonned by the action of sodium sulphide— 
NagS or NagSg— upon sulphur dioxide.. -.Some sulphur separates at the 
same .time : 2Na2S d* 3S0.2 == 2Na2S203 d'.S*' The action is supposed to 
occur in three steps: (1) formation of sodium sulphite and liydrooen 
sulphide: SO2 HgS ; ■(^) dh® hydrogen 

sulphide reacts with the sulphur dioxide, as indicated on p. 497, liberating 
free sulphur : SOg + SHgS 2H2O 'and (3) the , liberated .sulphur 

is taken up by the sodium sulphite as indicated above* By boiling sulphur 
with millc of lime or with sodium hydroxide, a mixture of the corresponding 
thiosulphate and sulphide is formed, e.gf. 3Ca{OH)2 + 12S = CaS^Og -h 
2CaS5 -f SHoO. The calcium sulphide is converted into the thiosulphate 
on oxidation by^ exposure to the air: 2CaS5 + SOg = 6S + ^CaSgOg. 
When the “ tanlc waste of Leblanc’s process is exposed to the 
air, the calcium sulphide, OaS, is in part transformed into calcium thio* 
sulphate, CaB203, the latter, when treated with sodium carbonate forms 
insoluble calcium carbonate, and soluble sodium thiosulphate: CaSgOg 
+ NaoCOg = NagSgOg + CaCOg. 

Thiosulphuric acid. — Thiosulphuric acid has not been isolated. By 
acting on a thiosulphate with a mineral acid, thiosulphuric acid appears 
to be formed, but it begins to decompose at once into sulphur dioxide 
and free sulphur : NagSgOg + 2HC1 = 2NaCl 4* HgO + SO3 -f S. The 
sulphur only appears after the lapse of a certain time — seconds or minutes, 
according to the concentration of the solution. It has been stated that the 
decomposition of the thiosulphate does not occur at once. If, however, 
the acidified solution be neutralized before the turbidity appears, the 
neutralization does not stop the separation of the sulphur. Some thio- 
sulphuric acid must therefore have decomposed. Probably the very 
finely divided sulphur is not visible until the fine particles have clotted 
into larger granules. The evolution of sulphur dioxide with the separation 
of sulphur on the addition of a dilute mineral acid divstinguishes thio- 
sulphates from sul];)hites in qualitative analysis. 

Properties and uses of thiosulphates. — Sodium thiosulphate crystallizes 
in large transparent monoclinic prisms with five molecules of water of 
crystallization : Na2S203.5H20, the phenomenon of undercooling exhibited 
by tliis salt, has been previously discussed. Sodium thiosulphate is the 
most important salt of tliiosuiphuric acid, and it is called, by photogi’aphers, 
sodium hyposulphite, or simply “ hypo ” ; they have used it extensively 
for fixing ever since J. Herschel discovered the solvent action of the 
aikalino salts on silver chloride. This salt is readily soluble in water, and 
the aqueous solution readily dissolves silver mercurous, or thaiious, 
chloride, bromide, or iodide. A soluble silver sodium thiosulphate is 
formed : 2AgCl +• SNagSgOs NaCl + 2Ag2Na4{S203)2* Hence its use 
in the “ fixing bath ” of the photographer. Solutions of the thiosulphates 
give a precipitate of silver sulphide with silver nitrate ; presumably silver 
thiosulphate is first formed and immediately decomposed ; Ag2S.203 4* 
HgO = H2SO4 4- AggS ; in contrast, sulphites with silver nitrate give a 
precixntate of silver sulphite which is decomposed only when boiled. 
Hence the amount of thiosulphate in a mixture of the two salts can be 
determined by adding silver nitrate: and subsequently titrating with 

N-a!kali, using methyl orange as . indicator. CiystaHized sodium thio- 
sulphate decomposes when heated, forming hydrogen sulphide, sulphur, and 


548 


MODEEN INOEGAIsriC CHEMISTEY 


sodium sulphite and sulphate. Sodium stannite, Sn(01sFa)3, reacts with 
sodium tiiiosuipiiate» forming, not sulphate, but rather black staxirious 
sulphide : 2Sn(ONa)2 + NagSgO^ H-HgO = SiiS + NagSOg + NagSnOfj '+ 
2NaOH, corresponding with the decomposition of thiosulplmric acid : 
2H^S203 - 2SO2 4 - 2H2S 4 O2. 

Sodium thiosulphate is readily oxidized by potassium permanganate, 
nitric acid, chlorine, etc. Thus, with ferric chloride, the violet colour 
first produced is slowly discharged, and the ferric salt is reduced to 
the ferrous state : NagSgOg 4 SFeClg 4 5H2O = 2NaHSO.j 4 SFeClo 4 
8HCi. Under certain conditions, the thiosulphates can yield oxygen to 
j)owerfui reducing agents, and they thus become oxidizing agents, e,g, 
sodium thiosulphate is reduced by sodium amalgam reforming sodium 
sulphide and sulphite : NagSgOg 4 2Na = NagSOg 4 Na^S. Sodium 
thiosulphate is often used in preference to sulphurous acid (q,v.) as an 
antichlor ’’ in order to remove the last trace of chlorine from the bleached 
goods. The action depends upon the reducing qualities of sodium thio- 
sulphate : NaoS.Og 4 5H.0 4 4CI2 = Na^SO^ 4 H 0 SO 4 4 8HC1 ; or 
NagSgOg 4 H26 4 CI2 == NaoS04 -+ 2HC1 4 S. If the thiosulphate be 


used as an antichlor for photographic printing paper, the last traces of the 
antichlor are exceedingly difficult to wash away, and the trace wffiich re- 
mains may cause a fading of the print. Hence, certain “ hypo eliminators ” 
have been r<?oommended. These are usually oxidizing agents whose 
products are not so deleterious as the hypo itself. Thus Hewton (1855) 
recommended alum ; F. W. Hart (1866), sodium hypocMorite ; Smith and 
Spiller (1866), hydrogen peroxide; Vogel (1872), iodine; and Sobering 
(1895), potassium persulphate, sold under the trade name anihion. 

Solutions of iodine are quickly decolorized by sodium thiosulphate 
with the formation of sodium tetrathionate, Na2S405. Thus, 2Na2S203 4 
I2 = Na2S406 4 2NaT. If a solution of sodium tliiosulphate of known 
strength be added from a burette to a solution containing some iodine, 
until the colour of the iodine has just disapjxeared, the amount of thio- 
sulphate required for the work of decolorization furnishes the datum 
necessary for calculating the amount of iodine in the given solution. 

Constitution of thiosulphates. — It is not very clear whether thio- 
sulphuric acid, and accordingly also the thiosulphates, should be 
represented by graphic formula based on : 




.SH 

0^^<0H 


Some prefer the latter, others the former ; and some consider that both 
varieties exist. The former is then called symmetrical, and the latter 
asymmetrical thiosulphuric acid. The available evidence, however, 
favours the asymmetrical HS.SO2.OH, It is known that phosphorus 
sulphide acts on many compounds so as to substitute sulphur for oxygen, 
and generally, the oxygen of the hydroxyl groups are more susceptible to 
attack than oxygen united to a sulphur atom. Since thiosulphuric acid 
is formed by the action of phosphorus sulphide on sulphuric acid, it is 
inferred that the product of :the action will contain a HS-group. Again, 
the formation of thiosulphuric acid by the action of hydrogen sulphide 
on sulphur trioxide : HgS 4 == HO.SOg.SH, is considered to be 

analogous to the formation of sulphuric acid by the action of water on 
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sulphur trioxide : H 2 O + SOg == HO.SO 2 .OH, Hence the formula 
HS.SO 2 .OH is usually preferred for thiosulphurie acid. 


§ 19. Polythionic Acids. 

There is a remarkable series of five acids-— called collectively the 
polythionic acids- — closely related to sulphurous acid and to thiosulphurie 
acid. The polythionic acids include di-, tri-, tetra-, penta-, and hexa- 
thionic acids. To show C. W, Blomstrand’s (1869) and D. I. Mendeleeff’s 
(1870) views of the inter-relations of the polythionic acids it is con- 
venient to consider the group SOgOH— -a.c. as a monad 

radicle. The constitution of the thionie acids is then represented by the 
following graj)hic formulae— with hydrogen H — H as the starting-point : 


SO.OH 
H “ 

Sulphurous 

acid. 


SO.OH 

SO“OH 

Dithionic 

acid. 


^ .SO2OH 

Tri thionie 
acid. 


Q SG.OH 
^"^SGoOH 
Tetrathionic 
acid. 


<5 .S— SG.GH 
SOlOH 

Pentathionic 

acid. 


Dithionic acid is therefore a disuiphonic acid with asymmetric 
sulphurous acid as the corresponding monosulphonic acid. We previously 
encountered this curious faculty of sulphur, whereby chains of atoms ” 
can be linked together, in our study of the hydrogen sulphides. From tiiis 
point of view, pentathionic acid is related to hydrogen trisulphide ; 
tetrathionic acid to hydrogen persulphide ; and trithionic acid and 
thiosulphurie acid are related to hydrogen monosuiphide as follows : 


. .H 

®<H 


S<, 


H 


s<; 


.SGoOH 

SGgGH 


"SGgOH 

Hydrogen monosuiphide. Thiosulphurie acid. Trithionic acid. 

The two latter are respectively mono- and di-sulphonic acids of hydrogen 
sulphide. It is interesting to compare the latter with pyrosuiphuric acid, 
persulphuric acid, and Carols acid previously discussed, since in these 
compounds, oxygen takes the place of sulphur. There are other modes of 
interpreting the known properties of these acids, but Blomstrand’s views, 
just indicated, agree best with more recent observations. 

Dithionic acid, HgSoGo.' — The sodium salt is made together with some 
sulphuric acid, by vSpring’s reaction with iodine on sodium sulphite : 

4- Igi = 2NaI + I 
J SO 2 — GNa 


SG2<i 


Ha:. . 

iHa:,: 

GHa" 


Dithionic acid has been called “ hyposulphuric acid,” and the salts, “ hypo- 
sulphates.” The manganese salt, MnSgGg, is made by i>assing sulphur 
dioxide through water with manganese dioxide in suspension : MnGg + 
2 SO 2 ™ MnSaGfi. At the same time there is a side reaction between the 
manganese dithionate and the manganese dioxide: MnGg + MnSgGg = 
2 MnSG 4 . This reduces the xneld. Ferric hydroxide or cobaltic hydroxide 
forms ferrous orcobaltous sulphate and dithionate whexi treated with sul- 
phurous acid at a low temperature^ Manganese dithionate is converted into 
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barium dlthiouate, BaSgOo, by mixing it with barium liydroxidoj 
and the resulting salt can be purified by crystallization: BaS30(i,2H20 
is formed. This gives soluble dithionic acid and insoluble barium sulphate 
when treated with dilute sulphuric acid. The aqueous solution of the 
acid can be concentrated by evaporation until its s]}ecifie gravity is about 
1‘35, any further concentration decomposes the acid : — SO^ -h 

H2SO4. * If the sodium dithionate be reduced in aqueous solution by 
means of sodium amalgam, sodium sulphite is reformed : Na2S20,. 
2Ka ~ 2Na2SOjj. Some consider the constitution of dithionic acid to be 
H.SOo.O.SOa.H related with pyrosulphuric acid, HO.SOo.O.BOo.OH. 
Some dithionic acid as well as sulphuric acid is said to bo formed when 
siiiphui* dioxide is passed into a solution of potassium permanganate or 
dichroinate. Ozone oxidizes both thiosulphates and sulphites into 
clithionates and sulphates. Lead, barium, magnesium, and sodium 
peroxides do not yield dithionates when treated with sulpluirous acid. 


Trithionic acid, HaSgOg. — ^The potassium salt of this acid is formed by 
passing sulphur dioxide through a concentrated solution of potassium 
thiosulphate : SSOg + 2K2S2O3 S 2K2S3O6. There is some doubt if 
Spring’s reaction, the action of iodine upon a mixed solution of sodium 
sulphite and thiosulphate, proceeds ; 


SO.^ONa 


2NaT. +S 


OHa ' SO2— OHa 

as might be expected ; because a mixture of the sulphate and tetrathionato 
is obtained. . Sodium trithionate is also formed by the action of siilpimr 
chloride, SClg, upon sodium sulphite ; and by warming an aqueous solution 
of potassium acid sulphite with flowees of sulphur : 6KHSO3 -j-' 2S == 
2K2S3OQ + K2S2O3 + SHgO. By boiling silver thiosulphate with water, 
a molecule of AgS splits from two molecules of the thiosulphate and 
silver trithionate remains : 

Arr Q 

AgSr 

The acid itself is formed from the potassium salt by the addition of hydro- 
fluosilieic acid. Potassium fluosilioate is precipitated, and the tritliionic 
acid remains in solution. The acid and its salts are readily decomposed 
into sulphur, and sulphuric acid or a sulphate. By the reducing action of 
sodium amalgam, sodium trithionate is . converted back into sodium 
sulphite and sodium thiosulphate. According to Chancel and Diacon, 
when a solution of sodium dithionate is boiled with sodium sulphide, 
sodium thiosulphate is formed. There is thus an intimate relation between 
tliiosulphurio and trithionic acids. Some try to emphasize this relationship 
by stating that trithionic acid is related to pyrosulphuric acid in the same 
way that tliiosulphurio acid is related to sulphuric acid ; 

^^SOj.OH °^08,SH 

Pyrosulphuric Trithionio, , Sulphuric Thiosulphuric 

‘ acid. acidu 


so,<0| 
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Tetrathionic acid, H2S4O6. — ^The sodium salt is formed by Spring’s 
reaction with iodine and sodium thiosulphate : 


NaO— SOo— S'Na' . 1 
Na0~~S02~-SiNa H 


= 2NaI + 


NaO— SQ.-~-S' 
NaO— SOa'-S 


The barium salt is prepared in a similar mamier, and from this the acid 
itself is ^obtained by the action of dilute sxilphuric acid. The reaction 
under consideration is the last of the set of condensations by the reino\’al 
of an atom of sodium from each of two molecules of a salt and the con- 
densation of the residues to form a more complex molecule — with sodium 
thiosniphate, di-, (tri-), and tetrathionate. Ail these reactions are reversed 
and the original salts reproduced by treating the complex salts with 
sodium amalgam. Tetrathionic acid can be made by passing a current of 
hydrogen sulphide into sulphurous acid until the smell of suiplmr dioxide 
is discharged. The solution can be warmed on a w^ater-bath to get rid of 
sulphur dioxide and hydrogen sulphide ; the water lost by evaporation 
being replaced from time to time. The solution of tliiosulphuric acid is 
filtered to get rid of sulphm'. A 15 per cent, solution of an alkali or alkaline 
earth hydi’oxide reacts with a tetrathionate forming a sulphite and 
thiosulphate : 2Na2vS406 + 6NaOH = SNagSgO^ + 2Na2S03 + BHgO ; 

with a concentrated solution (1 .*1) of the hydroxide, some sulphide is also 
formed : 3Na2S406 + 12NaOH == SNa^SaO^ + SNaoSOs+NaaS +6H2O. 
If cuprous chloride be dissolved in dilute hydrochloric acid containing 
some ammonium chloride, and a little thiosulphuric acid be added, a 
brown precipitate is formed which is a mixture of free sulphur, copper, 
and copper oxide. As indicated above, the reaction between iodine and 
sodium thiosulphate is much utilized in volumetric analysis for the quanti- 
tative determination of iodine. 

Pentathionic acid, HaSgOg. — When hydrogen sulphide is passed into 
a solution of sodium tetrathionate, the salt decomposes and nascent 
sulphur is probably formed : Na2S406 + SHgS = 2NaOH -f ffigO + 

The nascent sulphur then unites with the undecomposed tetrathionate, 
forming sodium pentathionate : Na2S40g + B = NaaSgOg. The same salt 
is formed, more or less contaminated with trithionate, when a solution 
of the tetrathionate decomposes : 2Na2S40g — NagSgOg + NaaSgOg ; 
and it is also formed by the action of sulphur monochloride, SaCla? on 
barium tliiosuli^hate : 

2S02<g>Ba + SgClz = S + BaCl^ + S<|gorO>®®' 

When hydrogen sulphide is passed into a concentrated solution of 
sulphurous acid at 0®, a solution containing a number of the poly- 
thionic acids is formed. It is called Wackenroder’s solution. It is 
probable that the first action of the, hydrogen sulphide results in the 
formation of tetrathionic acid : HgS -f* SSOg — H2S4OQ ; and that this 
decomposes into the tri- and pentathiomc acids as indicated above. ^ The 

^ According to H. Debus, part oi the siilphur in Waekenroder’s solution is 
a soluble variety which can be separated as. an amorphous gelatinous mass which 
he called 5 -sulphur. W, Spring considers this , to be a hydrated form of sulphur, 
Sg.niHaO, which can be separated from the, accompanying polythionic acids by 
a few months* dialysis* - ^ 
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passage of the hydrogen sulphide can be continued until tlie soluMon con- 
tains little more than sulphur and pentathionic acid. The solution 
containing a mixture of sulphur and pentathionic acid can be concentrated 
by evaporation until its specific gravity is about 1*46, and then saturated ^ 

with potassium hydroxide ; the solution is filtered to remove the sulphur 
and allowed to crystallize spontaneously. The crystals wdiich separate 
have the empirical composition : The final products of 

the action are sulphur and water : H2S5O5 + 5H2S = 6H0O -f I^S f or 
SO2 + 2H2S = 3S + 2H2O. The pentathionic acid, alone of the poly- 
thionic acids, alniostimmediately gives a brown precipitate with ammoniacal 
silver nitrate solutions. The precipitate soon becomes black. With 
potassium hydroxide, the pentathionates give an immediate precipitate 
of sulphur. 

Potassium hexathionate, KgSgOe, corresponding with the unknown 
hexathionic acid, HgSeOg, is said to have been prepared in an impure ^ 

condition from the mother liquid remaining after the separation of potas- 
sium pentathionate. The aqueous solution is very unstable. It reacts 
like the pentathionates with potassium hydroxide and ammoniacal silver 
nitrate, but it gives an immediate precipitate of sulphur with ammonia, the 
pentathionates give a precipitate with ammonia on standing a short time. 

General properties. — Aqueous solutions of aU the acids decompose 
when the attempt is made to concentrate them : = HgSO^ -f 

SO2 + in — ^2)8 ; the solid salts decompose in a similar manner when 
heated. In dithionio acid, = 2, and this corresponds with, the fact that 
aqueous solutions of this acid jdeld no sulphur on decomposition, the other 
polythionic acids decompose with the separation of sulphur. Tetrathionio 
acid seems to be the most stable acid of the series. Unlike barium sulphate 
the barium salts of the polythionic acids are all soluble in water. The 
aqueous solutions of the alkaline polythionates decompose slowly. Mer- 
curous nitrate gives no precipitate with dithionic acid, a black precipitate 
with trithionic acid and yellow precipitates with tetra- and pentathionic 
acids. Potassium hydroxide gives a precipitate of sulphur with penta- 
thionic acid, and no precipitate with the other acids ; dilute hydrochloric I 

acid gives a precipitate of sulphur and evolution of sulphur dioxide with 
trithionic acid, and with the other acids no change is observed. 

History. — Dithionio acid was discovered by J. J. Welter and J. L 
Gay-Lussac in 1819 ; trithionic acid, by C. Langlois in 1842 ; tetra- 
thionio acid, by M. J. Eordos and A. Gelis, 1843 ; and pentathionic acid 
by H. W. F. Wackenroder in 1845. The latter was specially studied by 
H. Debus in 1888. Thiosulphates were made by E. Chaussier in 1799, 
and afterwards carefully studied by L. N. Vauquelin in 1800. 

§ 20. Review of the Oxides and Oxyacids of Sulphur* 

We may now tabulate the list of the oxides and oxyacids of sulphur 
discussed in what precedes. < 

Oxides. Acids. 

[Mphtir monoxide . . . SOJ . fSulphoxyiic acid . . . HaSOs] 

Stuphur sesqnioxide , . , Hyposulphnrous acid . . HoS.>04 

Sulphur dioxide . . . SOg , , Sulphurous acid. . . . HgSba 

Sulphur trioxide , . . SO* . Sulphuric acid .... H2SO4 

• Pyrosulphurio acid’ . * ; 
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Oxides.: ■' ■' Acids.' ' 

Sulphur heptoxide , . . SgO, Persulphurie acid . . . H.,Sg03 

... Caro’s acid . . . . , HgSbg 

— ~ Thiosulphuric acid . . . H^SgOg 

— Dithionic acid . . . . HgSgOg 
— ^ ^ ^ Trithionie acid . . . . IlgSgOg 

— — Tetrathionic acid . . . 1128403 

— — Pentathionic acid . . . HgSjjOg 

— [Hexathionic acid] . . . HaSgO^ 

Sulphoxylic add, HgSOg, is only knoTO in the form of an organic 
derivative discussed in text-books of organic chemistry. Sulphur mon- 
oxide, SO, is unknown. The sulphones, RgSOg, and the sulphinic 
adds, R^SO.OH, of organic chemistry, are related to the unknowm 
siilphoxylic acid, HgvSOg. 


§ 21. Nascent Action. 

At the moment of chemical change, the same chemical relation exists 
between the particles of which certain elements consists as between the 
particles of a compound substance under similar circumstances, on which 
relation the phenomena of combination depend ; that in short (to use the 
common language) the particles of the elements have a chemical affinity 
for one another. — B. C. Brodie ( 1850 ). 

We have just alluded to the action of “ nascent ” sulphur ; and some 
other examples of nascent action have been previously encountered, 
pp. 126, 282. Ordinary free hydrogen, oxygen, chlorine, etc., are unable 
to affect many substances which are readily attacked by mixtures known 
to yield hydrogen, oxygen, chlorine, etc. The term nascent action refers 
to the fact that an element at the moment of its separation appears to 
be more chemically active than after it has been made a few moments. 
Amongst the various hypotheses which have been suggested, three are 
plausible explanations of the phenomenon. 

1. Atomic hypothesis.— Here it is assumed that nascent hydrogen 
is in the atomic condition and does its work before the atoms have had 
time to form ordinary molecules. There is, however, no direct evidence 
that, say, atomic hydrogen ever has a separate existence during a par- 
ticular reaction (p. 344) ; and the facts can usually be explained on the 
energy hypothesis on the assumption that there is a double decomposition. 
Hence, E, Divers and T. Shimidzu (1885) said that “nascent hydrogen 
is an imaginary reagent.” 

2. Ionic hypothesis. — It will be remembered that the action of hydro- 

chloric acid upon zinc, according to the ionic hypothesis, involves little 
more than the transfer of two positive charges from the hydrogen ion to 
the zinc atom : Zn 4 ' 2 H'+ 2 Cr=Zn”+ 2 CT+H 2 , and nascent hydro- 

gen thus represents the condition of the element at the instant when its 
ions give up their electric charges. 

3. Energy hypothesis. — ^During the reaction between, say, zinc and 
hydrochloric acid, energy is running down in the form of heat : 2Zn-f 

of nascent hydrogen is ascribed to the energy of the i^eaction being 
available for inaugurating another reaction, rather than being frittered 
away as heat (p. 344). . , ■ , , , 
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§ 22. Selenium and Tellurium, 

The elements selenium and tellurium cannot be classed among the 
common elements. They are not very abundantly distributed in the 
“half-mile crust*’ of the earth. Small quantities of selenium are often 
found associated with sulphur and the sulphides, e.rj. pyrites. Hence 
selenium is found in the “ flue dust ” of the “pyrites burners” in 
the manufacture of sulphuric acid. Small quantities of tellurium are 
found associated with gold, silver, and bismuth ores. Tellurium vas 
recognized by the early mineralogists, and Muller von Reiclienstein, in 
1782, considered it to be a new element which M. H. Klaproth, in 1798, 
named tellurium — from the Latin tellus, the earth. Selenium v^as dis- 
covered by J. J. Berzelius, in 1817, and named selenium, from the Greek 
(seleiie), the moon, owing to its resemblance to tellurium discovered 
a few years before. 

Tellurium is a silver grey solid with a metallic lustre ; selenium is a 
reddish-brown powder. Like sulphur, both elements exist in several 
allotropic forms, but the allotropism of tellurium is less marked than wdth 
selenium. Both elements conduct electricity^ although one variety of 
selenium is almost a non-conductor. Both elements form hydrogen 
compounds — HoSe and HgTe — corresponding with hydrogen sulpiride. 
These compounds are all prepared in a similar manner, and they respec- 
tively precipitate selenides and teilurides from solutions of salts of the 
metals. Hydrogen teHuride is unstable even below 0'^ j hydrogen selenide 
is rather more stable, but it decomposes in the light. 

The two elements are monatomic at 2000°, Both elements burn in 
air with a blue flame, forming dioxides — SeOg and TeOg — analogous with 
sulphur dioxide. The dioxides dissolve in water, forming solutions analo- 
gous with sulphurous acid ; and these, on oxidation, give selenic and 
telluric acids ; which, in turn, form selenates and tellurates analogoos 
vdth the sulphates. Selenic acid is weaker than sulphuric acid, and 
telluric acid is weaker than selenic acid. The two elements also form 
chlorides and bromides analogous with the corresponding sulphur chlorides, 
and bromides. 

Selenium is used to a small extent in the production of certain violet 
and red colours for glass and enamels ; and also for ‘‘ bleaching,” that 

is, neutralizing, the green 
tinge of glass. Perhaps 
the most interesting pro- 
perty of selenium is the 
increase which occurs in 
its electrical conductivity 
or the decrease in its elec- 
trical resistance on expo- 
sure to light^ — discovered 
To by W. Smith (1873). The 

Fig. 188._The Eifeot of Lighfcand , Xterfaiess on change is proportional to 
the Electrical Gonducjtivity of jSelemum. the intensity oi the light ; 

red and orange light are 
the most active. The phenome^njs, illustrated by the curve, Eig. 186, 
where the electrical conductivity of selenium is plotted on passing from 
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light to darkncvss and back to light again. The change after exposure 
is not instantaneous, since in darkness the selenium takes a little time 
to recover its normal resistance. Siemens (1875) supposed that the 
plienomcnon depended uj)on the change of selenium ftoin a feeble 
conducting variety a-seleniuin, to a good conducting variety /8-selenium ; 
both forms assume a condition of equilibrium in light and in darkness, 
but in light the ecj uilibrium is displaced in favour of the more conducting 
variety, and this the more the greater the intensity of the light : 

a -Selenium /3 -Selenium 

Light— > <— Darkness 

The rate of change is accelerated by the presence of silver, piathium, etc., 
which act as catalytic agents. Many interesting applications have been 
made of this curious phenomenon — e.g, telephotography, wdreless telephony, 
photometry, automatic control of the sup>ply of gas in illuminated buoys, 
etc. 

§ 23. The Oxygen Family of Elements. 

Oxygen, sulphur, selenium, and tellurium form an interesting group 
of elements. The relationship is not so clearly defined as with the halogens. 
If we compare oxygen with tellurium, it would require some imagination 
to make the relationship significant, but on comparing any one element 
with its neighbour in the series : O, S, Se, Te, the relationship becomes 
more emphatic. They are all bivalent. The physical properties are 
best compared in the form of a table which brings out the gradation in 
properties very clearly. For instance, the specific gravities, melting 
points, boiling points, etc., increase with increasing atomic weight. 
Oxygen is at one end of the series, tellurium at the other : 


Table XXX. — Pbopebties of the Oxygen -Sulphuk Family. 



Oxygen. 

Sulphur. 

Selenium. 

Tellurium, 

Atomic 'weight 




127-5 

Melting point . . . . i 


lU^-llS"* 

170<=’-217® 

452°-454° 

Boiling point .... 

~1S3® 

444‘6® 

688° 

1390° 

Specific gravity (solid) , | 

1*43 

P9(i-2-0G 

4*28~4-80 

5-93-6*4 

Atomic volume (approx.) j 

11 


18 

21'/'^ 

Colour of solid . . . 1 

Pale blue 

Yellow 

Kcddlsh bro-wn 

; , Black 

Heat of union with hy- | 
drogen (cals.) . . . j 

(>9'0 

4-8 

-26-1 

-34-9 

State of aggregation of ! 
hydride . . . . i 

Liquid 


Gas 

Gas 


Selenium, and tellurium particularly, lie very close to that ill- defined 
border line between the metals and non-metals. All four elements exhibit 
allotrox->ism. Oxygen occurs most abundantly, sulphur next, and tellu- 
rium least. They all produce hydrogen compounds of the same type, 
but while the hydrogen compounds of sulphur, , selenium, and tellurium 
are fcetid-smelling gases at ordinary temperatures, hydrogen oxide, 
H^O, is a colourless, odourless liquid. The ionization constants of the 

Water, Hydrosulpliurio acid. Hydrbselexiio acid. Hydro tellm*ic acid* 
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Tlie acidic character of the hydrides increases with increasing atomic 
weight. Tabulating the properties of the hydrides analogous with water 
we get : 

Table XXXI. — Probebties of the Hydrides of the Sulphur-Oxygen 

Pamily, 


Symbol. 

Molecular 

weight. 

Boiling 

point. 

Melting 

point. 

,'"i 

Specific 
gravity,. ' j 

Dissociation , 
temperature, j 

Redaction 

(litmus). 

HoO 

18-02 

100'=^ 

0° 


■ ■ 1800°:'.' 

Neutral 

h;s 

34*09 

-61*8° 

-85*6° 

1*17 

400° 

Acid"'"'- 

HoSe 

81*22 

-42° 

-64° 

2*81 

,160° 

'vV.Acid.'', 

H^Te 

129*52 , 

' 0° 

-48° 

1 

.■■2*57: 

" , 1 

! ■ 'V 

Acid 


The first two also form HgOg and HgSg respectively. Sulphur, sele- 
nium, and tellurium unite with oxygen to form trioxides, but they do not 
form similar compounds with one another. The dioxides, how^ever, form 
an interesting set if we regard ozone as an oxygen dioxide, thus ; 

0 <^Q ^^"^0 ^^*^0 

Oxygen dioxide. Sulphur dioxide. Selenium dioxide. Tellurium dioxide. 
Of course, the graphic formulae could here have been given with oxygen, 
sulphur, etc., quadrivalent. The analogy between ozonic acid (H0)20 ; 0 
and sulphurous acid (HOl^S : O might also be cited. 

Tellurium dioxide is an ‘^intermediate oxide,” because it acts both 
as an acid and as a base (p. 173 ) — ^thus, tellurium sulphate^ Te(S04)2, is 
known, and yet tellurous acid, HgTeOg, like sulphurous acid, forms salts 
called tellurites, c,<7. KgTeOg, KHTeOg, etc. The remarkable number 
of compounds of the metals with oxygen and sulphur, and the similarity 
in the constitution of the compounds of sulphur and of oxygen, has 
already been emphasized. Tellurium and selenium have not been so 
closely studied as sulphur and oxygen, but they undoubtedly show a 
similar behaviour in a less marked degree. All three form trioxides : 80 3, 
SeOg, and TeOg. AU four elements form halides, although there are some 
gaps ; 


0H2. 

S2CI2, 


V ,_^, 

OCl„ 

SCI2, 

, 

Tea2, 

V'C,-v 

SCI4, 

S6C4 

TeCI„ 


SFe, 

SeF„ 

TeFj, etc. 


All four elements form compounds of the type of sulphides : 

OAgg, SAgg, SeAgg, TeAgg, 

Questions, 

1. Give a brief accomit of the, manufacture of strong sulphuric acid. What 

are the three most common imparities in the concentrated acid ? How may they 
be detected and removed Xfmv, 

2. Sulphuric acid is said "to be dibasic, and to contain in its molecule two 
hydroxyl groups ; on what; eyidehce are these statements made ? What is the 
origin of the name oil of vitifiol by which this acid is known in commerce ? 
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3. Explain exactly the meaning of the formula SOg. Describe how the com- 
position of this gas may be determined.----^ Umv, 

4. Explain the meaning of the italicized words : “ The neutral 

saU^ imoiuhU in aqueous solventSf was decomposed by an quantity of 

dibasic acid, producing some gaseous anhydride and a saturated solution of an 
inorganic salt without water of crystallization but ver^r deliquescent' —Dartmouth 
Coll., U.S.A. 

5. Give some examples of chemical changes -which take placY slowly. Have 
any observations been made between the rate and the condition of such change ? — 
New Zealand Univ* 

6. Describe the means you would adopt in order to prepare from sodium 

sulphite (a) sodium hyposulphite and (b) sodium thiosulphate. Discuss the 
existing evidence concerning the constitution of each of these three compounds. — 
Science and Art Dept ^ 

7. Calculate the volume of a solution of sulphuric acid» density T8 and 

containing 89 per cent, of pure acid, that would be required to make 200 gi’ams 
of hydrochloric acid by acting on sodium chloride. Atomic "vt^eights : — H=l, 
t5 = 32, 0--=i6, .Na = 2,% 01 6. She field Scientific School, U.S.A, 

8. Why does sulphuric acid become hot when a limited amount of cold water 
iS added to it ? In what proportion is water txdded to produce the greatest heat ? 
— Amherst Coll., U.S.A. 

9. With sulphuric acid as the example, explain the meaning you attach to 

the terms “ acid ” and “ dibasic acid.” What is the behaviour towards litmus 
of NaHC03, NagCOg, NaHS04, Na2S04, and how do you accoimt for it ? — Shefeld 
Univ, ■ ■ ■ ■ 

10. — (a) Why is sodium sulphate not utilized as a source of sulphuric acid, as 
sodium chloride is for hydrochloric acid ? 

(b) Describe briefly the manufacture of sulphuric acid by the “ Contact 
Process.” 

(c) What is the specific gravity of concentrated commercial sulphuric acid ? 
How much sulphuric acid does it contain ? What is the present price per pound 
in carboy lots ? — Worcester Polytechnic Inst, U.S.A. 

11. Explain the reaction involved in the production of sulphm’ic acid in the 
** Chamber Process ” and the means adopted to prevent the escape of nitrous 
gases into the atmosphere. Give two illustrations of the use of sulphuric acid 
as (a) a dehydrating agent, (b) an oxidizing agent. — Shefield Univ. 

12. In chemical literature at the present day reference is frequently made to 
condensing agents,” and substances are spoken of as “ undergoing condensation.” 

Explain these phrases, giving examples in illustration of your answer. — London 
Univ. 

13. Chlorine is said to be an oxidizing agent, and sulphur dioxide a reducing 
agent ; explain these statements and give examples illustrating these actions, 
stating any conditions which may be necessary. Give also examples of reactions 
in which sulphur acts as a reducing agent. — London Univ. 

14. What happens on lieating with sulphuric acid (a) manganese dioxide, 
(6) cuprous oxide ; with nitric acid (a) black oxide of iron, (6) red lead ; with 
hydrochloric acid [a) red oxide of iron, (b) black oxide of manganese ? — London 
Univ. 

15. The composition of a compound is : barium 46* 12 per cent., sulphur 
21*54 per cent., and oxygen 32*32 per cent. What is the formula and name of 
the compound ? — Glasgow Univ. 

16. Explain the meaning of the term nascent ” in chemistry, illustrating 
your answer by I’eterence to reactions in which (a) ** nascent ” hydx’ogen, (&) 

nascent ” oxygen are supposed to take part.” — Board of B due. 

17. Discuss the acids formed by the solution of SOg and SO3 in water. I\Tiat is 
a sulphonio acid ? — Owens Coll. 

18. Give graphic formulse for sulphurous and sulphuric acids, with a clear 
account of the facts which have led to their adoption. What happens when a 
solutioii of sulphur dioxide is treated with zinc ? — Board of Bduc. 

19. How is sodium thiosulphate . made ? , What is the meaning of the name 
thiosulphate ” ? ‘Why is the name “ hyposulphite ” often applied to this salt 

inappropriately ? Describe the true hyposulphites. — Board of Educ, 

20. A metal forms only one series of salts and the anhydrous sulphate con- 
tains 58*8 per cent, of the metal. Calculate the "ec^uivalent of the element ; and 
the percentage composition of the anhydrous ehlonde. — Customs and Excise. 
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21. Certain substances take up moisturo when exposed to the air; certain 
other substances tend to lose water of crystallization under simila.r conditioiis. 
Give a full statement of the principle underlying these facts, and define the two 
terms ordinarily used to describe them. — Gorndl Uiiiv., U.S\A. 

22. What is the experimental basis of structural fonmihe ? Explain the 
proper significance of such formulae. Should they be understood to imply any 
actual Imowledge of the structure of molecules, or are they merely “ condensed 
equations’’? — New Zealand Univ, 

23. Describe briefly the qualitative and quantitative experiments you would 
consider necessary to show that the formulse usually adoiDted for potassium 
pez-suiphate is GovmQt. -^Oalcutta Univ. 

24. What processes are involved in the setting of ordinary plaster, and of 

plaster of Paris ? How would you convert plaster of Paris into blGuching 
powder? — Sydney Univ. * 

25. What is gypsum ? Describe the preparation of plaster of Paris. Explain 
the change which causes the setting of the plaster. — Science and Art Dept. 

2t>. Write the formulze of the chief alums known. Point out their character 
as a class. State and explain the principle they illustrate. — London Univ. 

27. What is meant by an alum ? How can the fact that chromium forms 
an alum be utilized in fixing its atomic weight ? — London Univ. 

28. Describe the preparation, properties, and uses of plaster of Paris. Com- 
pare the setting of plaster of Paris, air mortar, and cement, — Gape Univ, 

29. Give an accomit of the phenomenon of catalysis. Describe any one 
manufacturing process which depends for its operation on the action of a cataiyscj*. 
— Board of Educ. 

30. Describe fully an experiment by means of which it may be shown that 
sulphur dioxide gas contains its own volume of oxygen. Explain clearly the 
reactions, if any, which take place when this gas is passed into each of the follow- 
ing liquids ; — {a) lime water, (5) caustic soda solution, (c) an acidified solution of 
potassium permanganate, {d) potassium iodate solution, (e) fuming nitric acid. — 
Board of Educ, 

31. Describe the means you would adopt in order to prepare from sodium 
sulphite (a) sodium hyposulphite and (6) sodium thiosulphate. Discuss the 
existing evidence concerning the constitution of each of these three compounds 
— Science and Art Dept. 

32. Describe the changes which occur when oil of vitriol is heated ^rith copper. 
State any reasons that may be given for or against the theory that the so-called 
** nascent hydrogen ” is concerned on this reaction. — London Univ. 

33. Plot the following results for the specific giavities of solutions of sulphuiio 
acid of different concentrations : 

Grams HgS 04 • 16 257 510 1015 1404 1621 1825 

Specific gravity . . . 1*010 1*160 1*300 1*560 1*740 P815 1*840 

(a) Indicate the weight HgSO^ in a litre of acid of specific gravity 1*25, and (b) state 
the percentage amount of HnSO* in an acid of specific gravity 1*3. (Answers: 
{a) 418* ih) 39*19.) 


CHAPTEE XXrV 

Ohbomium, Molybdenum, Tungsten, and Ueanium 

§ 1. Potassium and Sodium Dichromates. 

Chromite, — This mineral is also called chi’ome ironstone, or chrome iron 
ore. It is a native ferrous chromite, FeCr204, or Fe(Cr02)2i contaminated 
with silica, alumina, magnesia, etc. It resembles magnetite in general 
appearance, for it has an iron-black colour, with a brownish tinge. Good 
marketable chromite contains the equivalent of at least 50 per cent. 
CrgOg, and not more than about 10 per cent, of silica. Most of the 
chromium compounds of commerce are derived from this ore. 

Manufacture of sodium chromate. — ^The finely ground chromite is 
intidiately mixed with lime and sodium carbonate, and roasted in an 
oxidizing atmosphere. The reaction which occurs is probably : 4FeCr204 
-f SNagCOs 4- 7O2 = S]Na2Cr04 -f SCOg 4- 2Fe203. Possibly the ferrous 
chromite produces sodium chromite, NaCrOg, thus : Fe(Cr02)2+Na2C03 
s=2NaCr024~F^'04'C02. The ferrous oxide and the sodium chromite 
are then oxidized % the air. The object of the lime is to prevent fusion, 
and keep the mass porous to facilitate oxidation. The roasted mass is 
then mixed with twice its weight of water, and an excess of soda ash is 
added to convert the calcium chromate formed during the reaction into 
sodium chromate. The mixture is agitated for a couple of hours, and the 
solution of sodium chromate is separated from the insoluble matters by 
Biter presses. 

Transformation of sodium chromate to the dichromate. — ^Tlie clear 
solution is then treated with sulphuric acid to neutralize the excess of 
alkali, and to convert the sodium chromate, Na2Cr04, into sodium dichro- 
mate, Na2Cr207, thus ; H2S044-2]S[a2Cr04=H204-Na2S04“f NagCraOy. 

The clear solution is decanted from the precipitated sodium sulphate, 
and the solution is separated from the crystals by centrifugal separators. 
The solution is concentrated in iron pans, and when it has attained the 
specific gravity 1*7, it is filtered from the sodium sulphate which has 
separated during the evaporation. Crystals of sodium dichromate 
separate on standing. The yield is about 90 per cent, of the theoretical. 

Conversion of sodium dichromate into the potassium salt. — ^The 
sodium dichromate is converted into the potassium salt by mixing con- 
centrated solutions of sodium diehromate with potassium chloride: 
]Sra2Gr207+2KCi ^ KaCrgOy 4“ 2]S!aCl, The potassium dichromate is at 
once precipitated. The chromium is recovered from the mother liquid. 
The chromate can be converted into the diehromate electrolyticaily by 
using it as eathoiyte in a cell with a pKjrous partition using sodium hyi'ox- 
ide as anoiyte. This apparently roundabout method of making sodium 
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dicKromate in order to get the potassium salt is really cheaper than if 
potassium carbonate had been used in place of sodium carbonate, mainly 
because the difference in cost between potassium carbonate, and sodium 
carbonate and potassium chloride. 

Properties of sodium and potassium dichromates. — Potassium 
dichromate forms bright red triclinic crystals of the anhj’drous salt, 
which melt at 400°. The salt is easily purified by reerystalliza- 
tion because it is very much more soluble in hot than in cold %vater : 100 
grams of water dissolve 5 grams of the salt at 0°, 55*5 grams at 50°, and 129 
grams at 100°. The aqueous solution has an acid reaction. The fact 
that potassium dichromate is so easily purified makes it a good starting- 
point for the manufacture of chromium compounds generally. Sodium 
dichromate crystals have the composition Na2Cr207,2H20. This salt is 
cheaper and more soluble in water than the potassium salt at ordinary 
temperatures. At 0°, 100 grams of the solution contain 62 grams of 
Na2Cr207 ; and at 80°, 80 grams of the salt. A monoclinic variety of 
potassium dichromate also crystallizes from a hot concentrated solution 
of the salt containing a little potassium thiocyanate. The monoclinic 
variety is unstable and soon passes into the triclinic form. The specific 
gravity of the triclinic form is 2*67, and of the monoclinic form, 2*10. 

§ 2. Chromic Acid and the Polychromates. 

Chromium trioxide, CrOg. — When a concentrated aqueous solution 
of potassium diohromate is treated with concentrated sulphuric acid, long 
scarlet needle-Hke crystals separate when the solution is cooled. The 
crystals can be filtered through glass wool and drained on a porous earthen- 
ware tile; then washed with concentrated nitric acid to remove the 
sulphuric acid and sulphates, and dried in a current of dry warm air. 
The resulting crystals of chromium trioxide, CrOg, are very deliquescent, 
and dissolve in water, forming a red solution which is probably dichromic 
acid, H2Cr207, formed by the reaction: 2CrO 3 -fHaO—H 26*207, The 
acid H2Cr04 has not been isolated. Chromic trioxide, CrOg, is thus called 
chromic anhydride and the aqueous solution chromic acid, although the 
trioxide crystallizes out again when the aqueous solution is evaporated. 
Chromium trioxide can he volatilized just over 110°, and it melts at about 
196°, with some decomposition, and it soon decomposes when heated to 
about 250° into chromic oxide 62O3, and oxygen : 4Cr03=2Cr203-f302. 
Chromium trioxide is a vigorous oxidizing agent owing to the readiness 
with which it seems to part with oxygen to form chromic oxide, CtqOq, 
Thus, alcohol dropped on to the oxide takes fire ; when ammonia gas 
impinges on the crystals, the reduction takes place with incandescence, 
paper is charred at once ; carbonaceous matter is oxidized to carbon 
dioxide ; etc. 

Potassium chromate, potassium hydroxide be added to 

an aqueous, solution of potassium dichromate in the proportions indicated 
by the equation: K2(>207+2K:0H^H204-2K2Cr04, a yellow solution 
of potassium chromate is obtained which furnishes bright yellow rhombic 
crystals when concentrated. The yellow crystals of potassium chromate, 
^^2Gr04, are isomorphous with potassium sulphate. Hence potassium 
chromate may be regarded as a salt formed by the union of one molecule 


■CHROMIUM, MOL¥BDEmJM, '..TUNGSTEN, ■ AND UEANIUM: m 


of potash, KgO, with one molecule of chromic anlaydi'ide, GrO 3, thus, 
or The isomorphism with potassium sulphate suggests 

a similar structural formula with an atom of sexivaient chromium in 
place of sexi valent sulphur. If normal chromates be treated mth acids 
dichromates are formed : 2K2Gr04 -h 2 HCi = 2 KC 1 + K2Cr207 -f HgO, 
Potassium dichromate is a salt formed by the union of two molecules of 
the anhydride, CrOs, with one molecule of the base : K20.2Cr03. 

Polychromates.—-The radicle Cr04''' is bivalent in the chromates, and 
the radicle CrgO 7 is bivalent in the dichromates. By treating potassium 
dichromate with chromic oxide, or with boiling moderately concentrated 
nitric aid, potassium trichromate is formed: KgCrgO^o, or KgO.SCrOg; 
and by treating the trichromate with concentrated nitric acid, potassium 
tetrachromate, K20.4Gr03, or H2Cr40i3, is formed. Just as in the 
formation of disulphuric or pyrosulphmic acid and its salts by 

the condensation of two molecules of H2SO4, so here, dichromic acid 
is considered to be a condensation product of two molecules of chromic 
acid, B[2Cr04 ; and the dichromates, K2Gr207, are analogous with the 
pyrosuipliates, e.g, K2S2O7. The constitutional formulae of chromic 
trioxide is supposed to be analogous with that of sulphur trioxide, sulphur 
and chromium being both sexi valent ; the cliromates and dichromates are 
also supposed to be analogous with the const 'tutional formulae of the 
sulphates and pyro- or disuiphates respectively : 
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The addition of an excess of alkali to the polycliromates reconverts them 
into normal chromates; and water converts them into dichromates. 
The tetrachromate is fairly stable in the presence of an excess of chromic 
trioxide. As the relative concentrations of chromic acid and potassium 
hydroxide in aqueous solution is increased from zero chromic acid upwards, 
the compounds which separate successively in the solid state are the 
hydroxide, chromate, dichromate, trichromate, tetrachromate, and finally 
chromic acid. The phenomenon of condensation also occurs with many 
oxyacids — boric, iodic, and phosphoric acids — and particularly with 
moiybdic and tungstic acids ; it is slight with uranic acid, and unknown 
with nitric acid. 

Chromates and dichromates.— Ammonium dichromate, (NH4)2Cr207, 
is formed when aqueous solutions of ammonia and of chromic acid are 
mixed. When the solid is heated, free nitrogen, water, and a voluminous 
mass of chromic oxide (whose appearance has been likened to green tea) 
are obtained : {NH4)20r207 Gr203+4H20+N2. This is an interesting 

but costly way of making nitrogen. ;The, percentage solubility of the 
alkali chromates and dichromates at 30 ° are : 

U- ' • Bb NH4 

Chromate . . 50*0 46^6', 39*4 44*1 28*8 

Dichromate . 66*6 66*4 '15*3 ' 32*1 
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Ali the chromates of lithium and sodium crystallize with water., but tlie 
chromates of potassium, sodium, rubidium, and ammonium ar© anhydrous. 
Lead chromate, PbCr04, is a bright sulphur-yellow salt precipitated by 
adding potassium chromate to the solution of a lead salt. It is used as a 
pigment under various trade-names — chi'ome yellow, Cologne yellow, 
lemon chrome, etc. By boiling lead chromate with aqueous ammonia 
or potassium hydroxide, a basic lead chromate, Pb(0K)2PbGr04, called 
chrome red, Austrian cinnabar, American vermilion, Parisian red, etc.., is 
formed. This also is used as a pigment. In the formation of this basic 
salt, the stronger base sodium displaces part of the lead from lead 
chromate; 2PbCr04 + 2NaOH ^ Pb0,PbCr04 H- NuaCrO^ + 11:^0 witl. 
sodium carbonate and lead cliromate : 2PbCr04 + 2iS[a3C03 -r HgO ^ 
2NaHC03-f Na2Cr04+Pb0.PbCr04. The same equilibrium state is not 
obtained when the start is made from the lead chromate side as from the 
basic chromate side. Barium chromate, BaGr04, is formed in a similar 
manner, and is used as a pigment. The precipitation of barium chromato 
from a solution of a barium salt by adding a soluble chromate ; or con- 
versely, the precipitation of chromium as barium chromate by adding a 
soluble barium salt, enables the amount of barium or of chromium in a 
solution to be determined. At 18° a litre of water only dissolves 0*0038 
gram of barium chromate ; 1*2 gram of strontium chromate ; and 23 ’2 
grams of calcium chromate. Cdcium chromate, CaCr04.2Pl20, is iso- 
morphous with calcium sulphate, CaS04.2H20. Silver chromate and 
mercurous chromate are both red salts. The chromates are often made by 
the addition of soluble dichromates to a solution of the salt in question. 
The ionic hypothesis describes the reaction thus : The dichromate ions, 
OrgO?, in the solution are partly broken down into Cr04 ions. For equi- 
librium : CrgO? + HgO ^ 2Cr04 + If any Pb‘* ions are present, 
the CrO^ ions are removed because PbCr04 separates from the solution. 
The supply of Cr04 ions is kept up by the continued dissociation of the 
Cr^O? ions until ali the dichromate has been converted into chromate. 

Potassium dichromate as an oxidizing agent. — Potassium dichromate 
is used in volumetric analysis in virtue of its oxidizing properties when 
in contact with a reducing agent, e.gr. ferrous sulphate, FeS04. Since 
potassium dichromate has a formula equivalent to K20.2Cr03, and 
ferrous sulphate a formula equivalent to FeO.SO-j, the 2Cr03 of the former 
on reduction furnish 2Cr03=Cr203+30 ; and the ferrous oxide, FeO, 
of the latter is converted into Fe^Og, it follows that one molecule of 
potassium dichrormte is equivalent in oxidizing properties to three atoms 
of oxygen, and it can therefore oxidize six molecules of ferrous sulphate. 
Hence the equation can be written: 6FeS04+E2Cr207=3Fe303-l- 
Gr203+6S034'E2G. The action takes place in an acidified solution 
so that the ferrous sulphate is oxidized to ferric sulphate, Fe2(S04)3, 
the potassium oxide forms potassium sulphate, K2SO4, and the chromic 
oxide, chromic sulphate, Cr2(S04)3. In ail, thirteen SO4 radicles are 
needed, but six SO4 radicles already come from the ferrous sulpliate, 
hence seven molecules of sulphuric acid are needed. The full equa- 
tion thus becomes : , 6FeS04+K2Cr207+7HgS04=3Fe2(804)3-|-Cr2{S64)3 
-7-1^2804+^^20. Similarly, , one molecule of potassium dlc'hromate can 
oxidize three molecules of sulphurous acid, H2SO3. to sulphuric acid, 
HgS04, a.nd the equation is accordingly written: KgOrgOy+BHaSOg 



CHEOMim MOL^^^ URANIOT 50 S 

4"H2S04=Cr2(S04)3“rK2S04--|--4;H20. When heated with hydrochloric 
acid, chlorine is produced as indicated in our study of the action of 
oxidizing agents on hj^drochloric acid. 

Chromyl chloride, CrOoGla.— When potassium dichromate, a soluble 
chloride, and ..sulphuric acid are.heated in .a retort, a dark reddish-broTO 
liquid, '.which bo.ilS'at.. 116 ®, distils ■ over. ,, It is chromic oxychloride, or. 
chromyl chloride, Gr 02 Cl 2 . The distillation is stopped when the frothing 
ceases or the distillate will be contaminated with decomposition products. 
Chromyl chloride is decomposed into chromic acid and liydrochloric acid 
by contact with water: CrOgCig-f 2H20=2HClH"B[2Cr04. These re- 
actions are used as a test for cMorides. Neither the bromide nor tho 
iodide form corresponding compounds, so that if a mixture of these three 
halogens be distilled with sulphuric acid and potassium dichromate, the 
distiUate, when treated with water, gives a solution which responds to tho 
tests for ciiromic acid, the presence of chlorides may be inferred. Chromyl 
chloride is also formed by dissolving chromic trioxide in concentrated 
sulphuric acid, adding hydrochloric acid, drop by drop, and distilling the 
mixture as before: Cr03+2HCi=Cr02Cl2+H20. The sulphuric acid 
retains the water formed during the reaction. Yellowish-red ciystals of 
potassium chiorochromate, Cr02Cl(0K), corresponding with the unknown 
chlorochromic add, Cr02C](0H), are formed when a solution of potassium 
diohromate in hydrochloric acid is allowed to crystallize : K2Cr207-|- 
2 HCi=:H 204 - 2 Cr 02 (OK)CL The two chlorides are supposed to be 
related to one another as follows : 

«>Ci-=0 

Chromic trioside, Chromic acid, Chlorochromic Chromyl chloride, 
CrOg. H2Cr04. acid, CrOaCKOH). CrOgClg. 

Chromyl chloride thus appears to be analogous with sulphuryl chloride, 
SO 2CI 2 )ja.nd chlorochromic acid with chlorosiilphonio acid,S 02 Cl( 0 H). 
The molecular weight of chromyl chloride in freezing benzene is normal, 
but in boiling benzene it is more than doubled. The vapour density is 154 . 
Chromyl fluoride, CrOsFg, is known, but not the corresponding bromide 
and iodide. The chloride corresponding with chromium trioxide, namely, 
CrClg, has not been prepared. The evidence for chromyl fluoride, CrOgFa, 
is ambiguous, because the reddish gas formed when a mixture of calcium 
fluoride, sulphuric acid, and potassium dichromate is heated has not 
been proved to have this composition. 

Perchromic add. — In 1847 Barreswell discovered that a deep blue 
solution is obtained by treating dilute solutions of chromic acid, or acidified 
chromates, with hydrogen peroxide. This reaction is common use as 
a means of detecting both chromic acid and hydrogen peroxide 
By shaking the mixture up with ether, an ethereal solution of the blue 
compound formed during the reaction can be obtained. By treating the 
blue solution with potassium at a temperature below -- 20 ®, hydrogen is 
copiously evolved, and a dark purple precipitate with the empirical com- 
position K.Cr04 separates. The molecular formula is supposed to be 
KaCraOg or potassium perdichromate analogous with the perdisulphates — 
sulphur ' and chromium sexivaient. This' salt ■ decomposes at ordinary 
temperatures into potassium dichromate and oxygen: 2K2Cr208~02-}- 
2K/>207. The blue solution must cphtain perchromic acid corresponding 



564 


MODERN INORGANIC CHEMISTRY 


to this salt. Lithium, sodium, magnesium, calcium, barium, and zinc 
percliromates have been j)repared by the action of the acetates of these 
elements upon the blue solution. Ammonia gas, at — yields tlie 
ammonium salt. 

If an excess of hydrogen peroxide be employed in the preparation of 
the blue solution, stable higher chromates have been produced. Thus by 
adding a 30 per cent, solution of hydrogen peroxide to an alcoholic solution 
of potassium perehromate, a dark red precipitate of another potassium 
perchromate, KgCrOg, is obtained. This aj^pears to be stable below 
70^^, and is considered to be a salt of an unknown acid, HgCrOg. 
Riesenfeld and Man (1914) obtained a blue crystalline precipitate 
by treating with hydrogen peroxide a solution of chromic anhydride 
in methyl ether at —30°. The composition agreed with the hypermono- 
chromate, H3Cr08.2H20, and it was suggested that the water is constitu- 
tional, not merely water of crystallization. The chromium is supposed 
to be septivalent, (HO)4Cr(O.OH)3 ; and the anhydride, 02Cr(0.C)H)3, 
The composition of the acid did not vary with the amount of hydrogen 
peroxide used to produce it. At temperatures higher than —30° it decom- 
posed, and this explains the failure of previous attempts to isolate it. 
Its strength as an acid was estimated to be about the same as that of 
acetic acid. The percliromates have been divided into two classes, 
(i) derivatives of cliromium tetroxide, and (ii) the perchromates proper. 
In the former, chromium is sexi valent, in the latter septivalent. 

Perdichromic Chromium Permonochi'omic Hypermonoper- 

aeid, HgCrgOg. tetroxide, CrO-, acid, HCrOg. chromic acid, HgCrOg^ 


Q>Cr<0 

Chromium 
tetroxide, CrO-, 


Permonochromic 
acid, HCrOr. 


When a cold sulphuric acid solution of potassium diehromate is treated 
with an excess of hydrogen peroxide, the violet product coiTesponds with 
a permonochromate, KCrOs, “which decomposes in aqueous solution. 
If the mixing be in the reverse order, the hypermonochromate, KgCrOg, 
is formed. When chromic acid is treated with hydrogen peroxide in the 
presence- of ammonia or potassium cyanide, chromic triamminotetroxide, 
Cr(NH3)304, is formed. It is supposed that the fundamental oxide is 
chromium tetroxide, Cr04, in which the chromium is sexivalent. Wo are, 
however, not very clear about even the empirical composition of these 
higher chromates ; the methods o£ preparing pure salts are not satisfactory. 

§ 3. The Colours of Salt Solutions. 

According to the ionic hypothesis, the colour of a dilute aqueous 
solution of an electrolyte is an additive effect of the colours of tho anions, 
the cations, and of the unionized molecule. The colour of the latter may 
be quite different from the colours of tho two former so that the colour 
changes as the solution is more and more diluted, until ionization is com- 
plete. The action of water on cupric chloride or cupric bromide illtis- 
trates the idea very well. Solid ctipric chloride, CuCb^, is a dark brown 
powder which, when treated with a very small quantity of water, gives a 
yellow solution. This is supposed to represent the colour of the molecules 
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CuClgi":'" ■ is still further diluted the colour, becomes green, 

and finally blue. The blue colour is supposed to represent the colour of 
the Cu” ions ; the ClMons are supposed to be colourless. The green 
colour is due to the partial ionization of the salt, and the sensation of 
green is due to the mixing of the yellow colour of the CuCl molecules 
v/ith the blue colour of the Gu** ions — 

CuClg ^ Cu” + 2 CF 

Yellow. Blue. Oolomless. 

Green. 

If a concentrated solution of ammonium chloride, hydrochloric acid, or 
a dehydrating agent — aluminium chloride, calcium chloride, etc. — be 
added to the blue solution, not too dilute, the ionization is supposed to 
be driven back, and blue cupric ions suppressed, as indicated on p, 379 , 
because the solution becomes green. Feebly ionized chlorides, e,g. 
mercuric chloride, do not restore the green colour. Other copper salts 
give similar results. Dilute solutions of equivalent concentration give a 
similar colour in spite of the fact that the salts are different. Hence it is 
assumed that the Cu** ions are coloured blue ; and that the ions behave 
with respect to colour independently of one another. 

Since cobaltous chloride gives a pink colour in dilute solutions, it is 
inferred that Co** ions are this colour. If concentrated hydrochloric acid 
be added, the solution becomes blue owing to the formation of blue cobaltous 
chloride molecules. The same effect is produced by raising the tempera- 
ture, the pink colour becomes blue because it follows that the degree of 
ionization is decreased by raising the temperature. The true explanation 
in the case of cobaltous chloride is probably not so simple as this, because 
while calcium chloride, CaCl^, turns the red solution blue, zinc chloride, 
ZnClg, turns the blue solution red. This is supposed to be due to the 
formation of complex salts, CaCoCl4, which gives blue OoCi^ ions ; and 
Co(ZnCl4), which yields colourless ZnCl'^ ions and red Co** ions. Many 
other hypotheses have been suggested — ^hydration and dehydration, 
isomerism, etc. 

Among the coloured ions Cu** is blue; Fe**, Ni**, Cr**', MnOJ are 
green ; Co" red ; Mn** pale pink ; Mn04 purple ; CrO'^ yellow ; CraO^ 
orange red; etc. The colourless ions include Cb, I', Br'; CyS', NO^; 
POJT; CIO's; K*; Na* ; Ca" ; Mg"; Fe*" ; Pb" ; SO''; etc. The 
colours of the ions are deduced, as indicated above, from the effects of 
dilution on the colour of the aqueous solutions. 

The ionic hypothesis assumes that the difference in the colour of aqueous 
solutions of potassium chromate and potassium dichromate is due to the 
difference in the colours of the CrO'^ ions of the chromates, and the Cr20'7 
ions of the dichromates ; the former are yellow, the latter orange or red. 
The Cr04 ions are supposed to be unstable in the presence of the H* ions 
of acids: 2Cr0'4 + 2 H* = Cr207 4 * HgO ; and the dichromate ions 
unstable in the presence of OH* ions of alkaline solutions: CrgO'^^ 
20 H'™ 2Cr04 + HgO. Since chromium trioxide, CrOg, gives an orange 
coloured solution with water, it is inferred that dichromic, not chromic, 
acid is formed when CrOg is dissolved in water. This view is confirmed 
by observations on the depression of the freezing point of aqueous solutions 
of chromium trioxide ; from measurements on the electrical conductivity 
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of the aqueous Boiutioiis ; from a study of the colour changes on dilation ; 
absorption spectra ; etc. The genera! result is to sliow that very dilute 
solutions of the chromates contain only chromate ions ; with more con- 
centrated solutions both chromate and diehromate ions are present, so 
that chromate solutions contain dichromates and vice ver.'^d ; and at 
still greater concentrations trichromates are formed, and tctracliromates 
at still greater concentrations. In general symbols : H^CrO.j ^ HgCr^Oy 
^ HgOaOio ^ HaCr^Ojg. The detailed equations would represent these 
changes as hydrolytic equilibria : 2H2Cr04 ^ H^O + H^CroO^; H^CryOi^ 
+H2O ^ HoCi'aO; + HoCrO^ ; f + H./) ^ HXV^O^o + H./K)., ; 
etc. The passage from left to right is favoured by increasing concentra- 
tion, heat, and acids ; and conversely, the right to left transformations 
are favoured by dilution, cold, and the presence of alkalies. At extreme 
dilutions, wdien the dicliromate is ail hydrolyzed, it is probable that the 
monoehromic acid H^CrO^ is hydrated first : HaCrO^ -!- H^O ^ H^CrOg ; 
and then : HgO + H^CrOg ^ HgCrOg, because (1) the quality of the colour 
changes in solutions of less concentration than 0*01 per cent. ; (2) the 
sensitiveness of the colour exhibits two maximal points ; and (3) se%"eral 
of the chromates crystallize with combined water — e.g. NaoCrO^.lOH^O ; 
MgCr04.7H20, etc. Graphically, these hydrated forms of monoehromic 
acid are represented : 


0^ OH 

Qjj. 


0=Cr<^ 


^OH), 

tOH), 


(HO)2=Cr< 


:(OH), 

tOH), 


It is further supposed that since the tetrachroniate is formed in very 
concentrated solutions, and that chromic trioxide is the anhydrous form, 
chromic trioxide is probably a polymer, (CrOa)!, a kind of ring compound. 


Q^CrO^- 


-OA^O 

-OA^ 


When chromic anhydride is hydrolyzed to tetrachromic acid, the ring is 
broken to form the chain : HO — OrOa — 0 — CrOo — 0 — CrOg — 0 — CrOg — 
OH ; and this in turn may bo hydrolyzed to form one or more of the lower 
chromic acids when water enters one or more of the alternate oxygen 
linkages (dotted lines). 


§ 4. Chromium Oxides and Hydroxides. 

Chromium hydroxide, Cr{OH)2. — ^By adding potassium hydroxide 
to a solution of chromous chloride (g.v,) a yellowish brown precipitate of 
ohromous hydroxide is obtained which rapidly oxidizes in air. The 
corresponding chromous oxide, OrO, has been obtained as a black powder 
by warming chromium amalgam with dilute nitric acid. The oxide is 
insoluble in this acid, and in dilute sulphuric acid, but is soluble in dilute 
hydrochloric acid with the evolution of hydrogen. It is reduced by 
hydrogen at 1000'^, whereas chromic oxide is not affected by hydrogen at 
1300°. 

Chromium sesquioxide, CrgOs.— This oxide is prepared as a dark 
green powder when ammonium ^chromate is heated, or when a mixture 
of potassium dichromate and ammonium chlorid© is heated. In the latter 
ease, the potassium chloride is remoyed by washing the residue with water. 
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Tlic oxide calcined at.^a high temperature is dissolved by acids very slowly. 
Chromic hydroxide, CrtOH*) 3 ,' separates as;a bluish gelatinous (colloidal) 
precipitate when ammonia is added to a solution of a chromic salt. Oln’ornic 
hychoxide dissolves in a solution; of chromic chloride, and if the soiiitioii 
be dialyzed, as in the case of ferric chloride, a eolloidai solution, hydrosol 
of, chromic hydroxide, is' obtained. , The freshly prepared hydroxide can 
absorb carbon, dioxide from the atmosphere. When freshly precipitated, 
chromic: hydroxide readily dissolves in acids, but it is, less rapidly dissolved 
if it lias stood some time. When heated in air, it forms green chromic oxide, 
Cr^Oa. Several important green pigments are made by preparing the 
oxide under special conditions, e.g. calcining potassium ^chromate 
intimately mixed with sulphur, ammonium chloride, starch, boric acid, 
etc., and extracting the matters soluble in water. Guignet's green, for 
instance, is made by calcining potassium dichromate with boric acid, etc. 
Chromic sesquioxide, in an extremely fine state of subdivision, appears 
to be crimson, for if an intimate mixture of stannic oxide, or zinc oxide, 
or alumina, with a very small proportion of chromic oxide, be heated to 
a high temperature in an oxidizing atmosphere a red powder is obtained. 
There is some evidence to show that the red colour is not due to the 
formation of a chemical compound, and that the chrome-tin ” colom' is 
related to purple of Cassius (q.v.). The “ chrome- tin ” crimson is used 
for colouring pottery, glazes, etc. The chrome- alumina colour can be 
prepared to appear green in daylight or in reflected light, and crimson 
in transmitted or in artiflcial light, thus resembling the mineral alemndrite. 
Chromium is the colouring agent of artificial rubies, first synthesized in 
1837 hj A. Gaudhi by melting together potassium dichromate and alumina 
In the oxyhydrogen blowpipe. 

Chromic hydroxide is a base, and forms salts — chromic chloride, sul- 
phate, etc. — when treated with the proper acid. It is also a feeble acid, for, 
when freshly precipitated, it dissolves in alkali hydroxides x^resiimably 
owing to the formation of alkaline chromites — e.g, Ci‘(0E[)20K, or CrO.OK, 
that is, KCrOg. Native chromite is a ferrous chromite, Re(Gr02)2» its 
constitution is probably analogous with the spinels (q.v.). The chromites 
are regarded as derivatives of an unknown chromous acid, HCr02. The 
soluble chromites are hydrolyzed when their aqueous solutions are boiled, 
and greenish chromic hydroxide is precipitated. 

§ 5. Chromium. 

History .—In 1762 J. G, Lehmann, in a letter to the naturalist G. L. L. 
de Buff on, desciibed a new mineral from Siberia. We now know this 
mineral to be crocoisite, or lead chromate. Both L. N. Vauquelin and 
Macquart, in 1789, failed to recognize in the mineral a new element, and 
both reported lead, iron, alumina, and a large amount of oxygen. How- 
ever, in 1797, L. N, Vauquelin re-examined the mineral and concluded 
that the lead must be combined with a peculiar acid which he considered 
to be the oxide of a new metal This he called chromium — ^from the Greek 
xpw/ia (chroma), colour — because its compounds are ail coloured. • In 1798 
L. N, Vauquelin detected the new element in spinel and in smaragdite, 
and F. Tass^rt found chromium in ohromp iron ore in 1799, 

Occurrence. — ^Metallic chromium does not occur free in nature. It 
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occurs combined with oxygen in chrome ochre, -wliich is chromium sesqui- 
oxide, Cr^Og, associated with more or less earthy matters. Chromite, 
Ee(Cr02)2* is the chief ore of chromium. It also occurs as lead chromate 
in crocoite or crocoisite, PbCr04. Traces occur in many minerals — emerald, 
jade, serpentine, etc. 

Preparation of the metal .—Chromium metal can be prepared by 
reducing chromium sesquioxide with carbon in the electric furnace ; or 
better, by the aluminothermic process, which is also called, after its 
inventor, the H. Goldschmidt’s process (1905). An intimate mixture of 
chromium sesquioxide and aluminium powder, A, Fig. 187, is placed in a 
refractory clay crucible so that about two- thirds of the crucible is filled. 
A mixture of sodium or barium peroxide and aluminium powder is placed 
over this, as at B, Fig. 187. A piece of magnesium ribbon, O, is stuck into 
the latter mixture, and a layer of powdered fluorspar, D, is placed over all. 
The crucible is then set in a tray of sand and the magnesium ribbon, 0, 
ignited. When the flame reaches the peroxide mixture, B, the aluminium 
is oxidized with explosive violence, and care must be taken to protect 
the face and hands accordingly. The heat of the 
combustion of the aluminium in the ignition 
mixture, B, starts the reaction between the 
chromic oxide and the aluminium, and it spreads 
throughout the entire mass in a few seconds. The 
chromic oxide is reduced to metal, and the 
aluminium is oxidized to alumina : CraO 3 + 

== 2Cr + AI2O3. When the cruciMe is cold, a 
button of metallic chromium will be found on 
the bottom. The slag is nothing but fused 
alumina which has crystallized so as to form a 
artificial COTundum. This has been 
tion of Oxides. caUecl coruoin to distinguish it from natural 

corundum. The corundum slag is used as a 
refractory and abrasive agent. When chromic oxide is reduced, the slag 
contains small artificial rubies. In Goldschmidt’s works at Essen, 
about 100 kilograms of chromium are produced at a single charge. The 
process occupies less than half an hour. Manganese, iron, and many 
other metals can be produced in a similar manner. Titanium, alloyed 
with iron — ferro-titanium — ^is produced by the same process. So much 
heat is evolved during the reaction that oven the most refractory metals 
and minerals are melted. Indeed, a temperature equivalent to that of 
the electric arc-fumace, 3000°, can be generated in a few minutes. The 
method is in some ways superior to the electric furnace process — ^it is 
quicker, cheaper, and the products are free from carbon contamination. 

^ What amount of heat is generated when dry ferric oxide is reduced by alu- 
minium, given that the heat of oxidation of iron to FegOa is 195*6 Cals., and of 
aluminium to 392*6 Cals. ? 

Heat developed by the oxidation of aluminium .... 392*6 Cals. 

Heat absorbed by the reduction, of ferric oxide .... 195* 6 Cals. 

Heat of the reaction FegOa + 2A1 — AlgOg + . . 197*0 Cals. 

Given the specific heat of the sla^^, etc*, ..and the quantities of products, an 
approximate estimate of the temperature could be made. The specific heats here 
assumed to bo constant are not so, , 
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Properties of metallic chromium.— -Cliromium is a hard metal of a 
steeJ-grej colour. A 98-99 per cent, sample melted at 1520°, and boiled 
about 2200°. The pure metal probably melts at a much higher tempera- 
ture — possibly 2000°. It might be added that chromium and many other 
rarer metals have not been prepared in a state approaching purity in 
quantities sufficiently large to determine their physical properties/ and 
consequently, the physical properties of these elements reported in this 
and other text-books are to be understood “ subject to revision.” The 
metal is fairly stable in air but oxidizes when heated to a high tempera- 
ture, forming ehromium sesquioxide, OrgOa, The metal dissolves in 
dilute hydrochloric and sulphuric acids, forming respectively chromous 
chloride and chromous sulphate, with the evolution of hydrogen. When 
placed in contact with nitric acid, the metal becomes inert or passive, 
for it is then no longer attacked by acids which dissolve it under normal 
conditions. The phenomenon of passivity ” is discussed in connection 
with iron. " 

Atomic weight. — The combining weight of chromium has been deter- 
mined from the amount of chromium in silver and barium chromates ; in 
chromium sulphate ; in ammonium chromium alum ; chromium chloride, 
potassium and ammonium dichromates, etc. The results show that if 
oxygen be 16, the combining weight of chromium lies somewhere between 
51*6 and 53*5. The atomic weight is generally taken to be 52*1, 0=16. 
This number agrees with Dulong and Petit’s rule, for the specific heat 
of chromium is 0T2, and 6*4"rOT2 furnishes the number 53*3. This 
number is sufficiently close to 52*1 to show that 52*1 represents the atomic 
weight of chromium if Dulong and Petit’s rule applies to chromium. 

Uses. — ^Ferro-chromium alloys are made containing over 60 per cent, 
of chromium, and less than 2 per cent, of carbon by smelting high-grade 
chromites in the electric furnace. Ferro-ohromium is used in the manu- 
facture of chrome-steel. Chrome-steel is a hard, tough, and dense metal 
with a high tensile strength. Steel with 1 to per cent, of carbon and 
2 1 to 4 per cent, of chromium is so hard that it cannot be worked by 
ordinary hardened tool steels — for example, it is driU proof. It can, how- 
ever, be wielded to iron, and rolled into sheets, etc. It is used in the 
manufacture of burglar proof safes, cutlery, stamp-mill shoes, crusher 
jaws, knuckles for car couplings, etc. It is superior to every knowm metal 
for the wearing parts of crushing and pulverizing mills. Alloys of 
chromium, nickel, and iron are used for the armour plates of war-ships. 
The alloy is hard and elastic, and even if a projectile does penetrate the 
armour plating the metal does not crack. 

Chromite is used in making the hearths of steel furnaces since it can 
be used as a neutral refractory material between the basic (magnesian) 
bricks in the interior of the furnace, and the acidic (siliceous) bricks out- 
side. Chromite bricks are not injured by contact with basic, nor with 
acid bricks ; whereas acidic and basic bricks, when heated in contact with 
one another, are likely to fuse at the surfaces of contact owing to the 
formation of fusible silicates. The bricks are very refractoiy — softening 
between 2000° and 2100°— and do hot crack, by sudden heating and cooling. 

Potassium and sodium chromates are used in dyeing; in the manu- 
facture of pigments (chrome yellow, chrome red, Guignet’s green, etc.) ; 
in tanning leather, etc. If gelatine, or glue be treated with a tervalent 
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chromium salt-, it is rendered insoluble in hot water* Use is made of this 
in tanning leather from skins of ammals. The chromates and dichroinates 
do not do this, but if a mixture of gelatine or glue and a dicliixmiate be 
exposed to light, the dichromate is slowly reduced, and the product tans 
the glue. Chromic tiioxide is used in place of nitric acid in some voltaic 
batteries, etc. 

§ 6. Molybdenum, Tungsten, and Uranium, 

Molybdenum, Mo. Tungsten, MT LTanuini, l\ 

Atomic weight .... 90 1S4 33S”r> 

Molybdenum^ Jfa 

The term yoXvj^Bos (molybdos) was applied by the Greeks to galena 
and other lead ores. Up to the middle of the ISth century, tlie 
mineral molybdite or molybdenite was supposed to be identical witli 
graphite, then known as “ plumbago or “ black lead.” In 1778 C. W. 
Scheele, in his Treatise on Molyhde;na, showed that, unlike plumbago or 
graphite, molybdenite forms a “ peculiar white earth ” when treated with 
nitric acid. This he proved to have acid properties, and he called it 
acidum molybdense,” that is, molybdic acid ; and he correctly con- 
sidered the mineral molybdenite to be a molybdenum sulphide. In 1790 
P. J, Hjelm isolated the element as a metallic powder by heating molybdic 
acid with charcoal. Molybdenum metal remains unchanged on exposure 
to air, but it oxidizes slowly at a red heat. 

Molybdic trioxide, M0O3, is the most important compound of moly- 
bdenum, Like the analogous chromic trioxide, it behaves as an acid 
anhydride, forming molybdic acid, HgMoO^, and salts are called moly- 
bdates. The mineral molybdenite — ^molybdenum sulphide — is first con- 
centrated by separating the extraneous rocky matters by mechanical 
processes ; the concentrate is roasted to convert it into molybdic oxide, 
M0O3, which can then be separated from the other oxides by digestion in 
aqueous ammonia. Soluble ammonium molybdate is formed. A solution 
of ammonium molybdate dissolved in an excess of nitric acid is used as 
a test for phosphates because it gives a yellow precipitate of ammonium 
phosphomolybdate with solutions containing phosphates. A similar 
precipitate is produced with arsenates. The composition of tlie pi*ecipitate 
varies a little with the conditions under which it is formed, so that the 
amount of AS2O5 or PjO^ associated with a given amount of the precipitate 
is not always the same ; consequently, in quantitative w^ork, the pre- 
cipitate is usually redissolved and the phosphorus re-precipitated as 
magnesium ammonium phosphate (^.w.) which is more easily controlled. 

The variable composition of precipitated ammonium phosphomolybdate 
may seem to violate the constancy of composition ” test for distinguishing 
compounds from mixtures. It has been stated that ‘‘there are no 
exceptions to the law of constant composition,” the real meaning of the 
phrase is that a' compound is,- defined as a substance of constant 
composition, and we refuse to call any other substance a chemical 
compound. As P. Duhem (1902) has pointed out, so long as we do 
tMs there can be no exceptions to the law. In the present case, the 
difficulty is usually referred to the tendency of chromic, molybdica 
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and' tungstic acids' to' .condense and . form ■complex salts . of .tlie '..type, 
R^O.^i-GrOs ; ■RgG.^J'MoO.g ; . and ■ R2G.'?^W03,', where. %. represents ■, ,tlie 
iiiimerical ratio ^ 'between tiie UrOg, etc.,' and the R^O ,. groups. ' 'Salts of 
acids more hydrated' than H2M0O4. are -known. Ordinaiy ammonium 
molybdate, .' for .. . instanoe,. is. ■,(NH4)eMo7024.4H20 ; ordinary sodium 
tungstate is Nai0W3 2 O 4 i. 28 H 2 O, that- is, 5Na20.12W08.2SH20, In 
addition to ' this, molybdic and tungstic aei^ can unite .with one or, more 
Bioleciiies ,o-f phosphoric, arsenic, ^silicic and other acids, forming- still .more 
complex acids ; thus, w'e have phospho-, arseno-, arseni-, vanadi-, and 
silici- molybdic and tungstic acids, etc. Chromium, as we have seen, 
forms a similar series of acids ; uranium exhibits but a slight tendency to 
form complex acids. 

The more important oxides of molybdenum are : MoO, MogOg, MoOg, 
MoOg, and in addition, several complex oxides appear to exist — Moollg 
or MoOoAIoOg; MogOg or M0O2.2M0O3 ; M05O12 or 3Mo02.2Mobg. 
The addition of nitric or hydrochloric acid to a concentrated solution of a 
molybdate precipitates the trioxide. The molybdates are reduced by 
zinc in acid solution to one of the lower oxides approximately, MogOg, 
and at the same time the colour of the solution changes through various 
shades of violet, blue, and black. A reddish-brown motybdenum sulphide 
is precipitated by hydrogen sulphide in acid solution. The chlorides of 
molybdenum : MloCL, AIoCls, M0CI4, M0CI5 and MoCIg, ai'e kno%vn. Hence 
molybdenum is 2 -, 3 -, 4 -, 5 -, and 6-valent. 

Molybdenum steel is hard and less brittle than tungsten steel. Moly- 
bdenum is said to be far more effective than tungsten in the manufacture 
of hard steels. Molybdenum steel is used for making rifle barrels, propeller 
shafts, etc., and particularly high-speed tool steels. These steels, unlike 
ordinary carbon steels, have the peculiar property of retaining their 
‘‘ tem|)er ” when heated to a high degree, so that it is possible to make 
heavy cuts at high speed, for the steel can be heated to dull redness without 
impairing its quality. Molybdenum steel contains up to 10 per cent, of 
molybdenum. Some of the molybdenum and tungsten steels resist the 
action of acids unusually well, so that these acid-2^roof steels are useful in 
many chemical industries. Thus, an alloy containing about 60 per cent, 
of chromium, 35 per cent, of iron, and 2-3 per cent, of molybdenum is 
scarcely affected by dilute hydrochloric, nitric, or sulphuric acid, or by 
boiling aqua regia. Molybdenum compounds are also used as a blue 
pigment in porcelain painting ; in silk and wooHen dyeing ; and in colour- 
ing leather and rubber — ^it has been, indeed, proposed for dyeing fabrics 
as a substitute for indigo. Ammonium molybdate is largely used in the 
determination of phosphorus in iron and steel laboratories. 

Tungsten^. W» 

Up to the middle of the 18 th century,, the mmeral scheelite — 
formerly called “ tungsten ” (heavy stone) — ^and wolframite were supposed 
to be ores of tin, but, in 1781 , K. W> Soheele demonstrated that scheelte 
contains a peculiar acid, which he called tungstic acid, united with lime 
as a base. The same year, T. Bergmahn recognized tungstic acid as an 
oxide of a new element, tungsten, which ,wa^.' isolated by J. J. y Don Fausto 
d^Elhuyar in 1783 . When wolframite is; mixed with calcium and ignited. 
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a vigorous reaction sets in, and metallic tungsten is obtained as a kind of 
regulus. When ■wolframite or scheelite is digested with concentrated 
hydrochloric acid, most of the iron and lime are removed, and tungsten 
trioxide, WO 3 , remains as a yellow insoluble powder. The metal is ob- 
tained by reducing the oxide or chloride in a current of hydrogen gas. 
Tungsten metal has been prepared in a highly ductile condition. 
very resistant to chemical agents — mineral acids and alkalies ; its melting 
point is thought to be higher than that of any other metal ; its tensile 
strength is greater than iron or nickel ; it is non-magnetic ; it can 
be drawn into as thin wires as any other metal ; and its specilic gravity 
19-3 to 21*4 is 70 per cent, greater than that of lead. These valuable 
properties show that the metal promises to play an important part in 
the future. The metal is soluble in a mixture of hydrofluoric and nitric 
acids, in fused alkali nitrates, nitrites, and aikaH peroxides. The tungsten 
compounds are somewhat similar to those of molybdenum. The chlorides 
—WCla, WCI4, WCI5, and WCl^— show that tungsten may be 2-, 4 -, 5-, and 
6 -vaient. Fabrics which have been soaked in a solution of sodium 
tungstate and then dried do not burn ■wdth a flame but smoulder away 
slowly, hence sodium tungstate is used in making articles of clothing — e.g, 
flannelette — ^which the makers style “ non-inflammable ” — an insoluble 
tungstate is precipitated in the fibres of the fabric. Sodium tungstate 
is used as a mordant in dyeing. Lead tungstate has been used as a 
substitute for white lead in painting. The trioxide is used as a canary 
yellow pigment. Tungsten is also used in making high-speed steels— 
see “ Molybdenum,” Tungsten filaments are also used in place of carbon 
for incandescent electric lamps. An old carbon filament lamp gave 
light of 16 candle power with a consumption of about 60 watts, a 
tungsten filament lamp will give 20 candle power , with a consumption 
of 25 watts. Hence tungsten converts electric energy into light energ}’’ 
more efficiently than carbon, for there is less electric energ}’* dissipated 
as heat during the conversion. Partially reduced tungstates furnish 
bronzing powders — tungsten bronze — for making paints to imitate bronzes. 

Uranium^ U, 

The mineral pitchblende was formerly supposed to be an ore of zinc 
iron, or tungsten, but M. H. Klaproth (1789) proved that it contained what 
he styled a “ half metallic substance ” different from the three elements 
just named. This element was named uranium ” in honour of HerscheFs 
discovery of the planet Uranus in 1781. E. M. P^ligot proved that 
Klaproth’s element was really an oxide of uranium, and he isolated the 
metal itself in 1842, When powdered pitchblende is digested with con- 
centrated sulphuric acid, the uranium is converted into a sulphate soluble 
in water. The metal is obtained by reducing the chloride with sodium. 
Many of the more refractory metals — ^titanium, vanadium, etc. — are made 
by reducing their chlorides with hydrogen or sodium. An inconveniently 
high temperature is needed when hydrogen is used, and it is difficult to 
keep^ sodium free from oxidation. The olfloride is therefore reduced by 
heating it with sodium in a steel-homb screwed down tight. M. Billy 
(1914) found that when sodium hydride is used as a reducing agent, the 
reduction occurs at a comparatively low temperature — e.p. in a glass 
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vessel heated to>botit 800 °. The resulting metal is said to have a high 
degree of purity. 

Uranium forms five oxides— UgO 3, UO 2, UgOg, UO^, UO^, The 
chlorides UCI 3 , UCi^, UCig, UOgCla, and a fluoride UFg are known. Hence 
uranium is 3 -, 4 -, 5 -, and 6- valent. Uranium is quadrivalent in the 
iiranous salts and sexivalent in the uranic salts. The uranic salts 
are derived from uranic acid, U02( OH) g. Thus, uranic nitrate is 
U02(N0g)3.6H20 ; uranic chloride is UOgCla, etc. The group UOg is 
generally called uranyl, and the salts just named are respectively uranyl 
nitrate and uranyl chloride. Uranic trioxide, UO 3, has also acidic pro- 
perties, for it forms salts mono-, di-, tri-, and tetra-uranates, analogous in 
constitution with the corresponding chromates (p. 661 ), Thus sodium 
diuranate is NagUgO-.GHaO, etc. Sodium diuranate is called uranium 
yellow, and is used, as well as uranium oxide, for colouring glass and potter^'' 
glazes. Yellow uranium glass and some uranium salts have a yellowish 
green fluorescence. Uranium compounds are radioactive. Uranium is 
also used in the manufacture of incandescent mantles. When alloyed 
with steel, it makes the metal tough and hard. Solutions of uranyl 
nitrate or uranyl acetate are used in the volumetric determination of 
phosphoric acid. If a solution containing a known amount of, say, uranyl 
nitrate be added to a solution containing soluble phosphates, a greenish 
yellow precipitate of uranyl ammonium phosphate, U02(NH4)P04, in- 
soluble in acetic acid, will be formed as long as any phosphate remains 
in the solution. When the phosphates are all precipitated, any further 
addition of the standard solution of uranyl nitrate will cause the solution 
to give a brown coloration when a drop is brought in contact with a drop 
of a solution of potassium ferrocyanide on, say, a white plate. 

Molybdenum is distributed fairly widely over the earth’s crust. It 
occurs as molybdenite^ that is, molybdenum sulphide, MoS^, wulfeniie, 
lead molybdate, PbMo04 ; is a hard, brittle, white mineral ; and molyhdite, 
or rnolybdic ochre, is a straw-yellow soft mineral supposed to be a hydrated 
iron molybdate. Uranium occurs as pitchblende, or uraninite, U3O3 ; 
as carnotite, K2O.2U2O3.V2O5.3HgO. Tungsten occurs as ivolfram, FeW04, 
and scheelite, CaW04. The metals are made by reducing the oxides or 
salts with reducing agents — carbon, potassium cyanide, hydrogen, sodium, 
or aluminium. 

§ 7 . The Relationship of the Chromium Family. 

The metals chromium, molybdenum, tungsten, and uranium are diffi- 
cult to fuse, their physical properties are indicated in the following table : — 


Table XXXII.— Physical Pbobekties or the Chromium Family. 



1 

Chromium. 

Molybdenum. 

Tungsten. 

Uranium. 

Atomic weight . 
Specific gravity . 
Atomic volume . 
Melting point 

52*1 ' ■' 

6*74 

7*7 

1510® 

9*01 

/".'..jo-e;. 

-''.c, 2-500®' . 

184 

19-13 

9-6 

3000® 

238*5 

18*7 

12*7 

1500° (?) 



574 


MODERN INORGANIC CHEMISTRY 


The metals combine directly with oxygen, sulphur, nitrogen, and tlie 
halogens when heated in an atmosphere of these gases* The oxides are 
difficult to reduce. The trioxides — CrO.,^, MoO^, WO 3, UO3 — 

0 are acidic, and they form salts of the t;^^;)e KoRO^ as indicated 

1 above. The formation of complex acids is also note-worthy. 

tS The relationship of the chromium family with the sulphin 

/\ family is brought out by the analogy betw^een potassium 

9^' \ chromate and sulphate; sodium chromate and sulphate; 

Mo 1 ^ sulphuryl and ciiromyl chlorides ; dichromates, disulphatcs, 

[*■ Te diuranates, etc. Thus, potassium sulphate, selenate, 

W chromate, and manganate are isomorphous ; and a series of 

|- tungstates, molybdates, selenates, and chromates of the type 

D 3NapR04.Li2R04.12H20 — where R represents soxivalent 

S, Be, Cr, Mo, or W — crystallize in the hexagonal system. 
Starting with the elements with the smallest atomic weight, the relation- 
ship bet-ween the chromium and sulphur families is generally shown 
by a scheme like that in the margin. The fault with this scheme is 
that it makes the relationship appear closer than the known facts would 


lead us to suppose, and the student might reasonably think that there is a 
tendency to go a-begging for far-fetched analogies between unrelated 
elements. Chromium also has some analogies with metals of other 
groups, e.g, aluminium and triyalent iron 


Questions. 

l. The oxide of chromium, OrgOo, and the hydroxide, Cr(OH)g, are weak 
basic and still more weakly acidic.*' How does this statement accord with the 
fact that the salt, Cr 2 (S 04 ) 3 , is stable in water wiiile the corresponding carbonate 
and sulphide are not stable ? What compound is formed when sodium carbonato 
is added to a solution of a chromic salt ? — MassachiAseits Inst* Technology, U*S*A* 
, 2. What reaction takes place when thermit is ignited ? What uses are made 
m tiiermit ? How>' is metallic aluminium prepared commercially ? — Gornell Univ.* 

3. Mention any conditions which you know to affect the colour of metallic 
salts in solution. Discuss the colour phenomena of solutions of cupric, chromic, 
and ferric salts. — St. Andrews Univ. 

4. Wliat happens when sodium hydroxide is mixed with a solution of a chromic 
salt ? ^ Of a potassium chromate solution ? Of a potassium dichromate solution ? 
Give four reactions which distinguish chromium from all other elements. — 
Amherst Coll., U.S.A. 

5. Describe how you would prepare (a) barium chloride crystals from heavy 
spar ; (b) potassium dichromate from chromium sesquioxide ; (c) sodium carbonato 
and sodium bicarbonate from caustic soda. — Aberystwyth XJnith 

6. Nikon and Petterson foimd that 0*0859 gram of chromium sesquichloiide 
when volatilized at 1200*^ C. displaced 12*049 c.c. of gas (reduced to 0° G, and 760 
mm.), calculate the density of the vapour compared with air and the formula to 
which it corresponds. How would you prepare potassium chromate, potassium 
bichromate, and chromic acid t — Owens Coll. 

7. On heating an unknown: quantity of potassium dichromate with a con- 
centrated solution of hydrogen chloride, and piissing the evolved gas into a solu- 
tion of potassium iodide, 1*25 , grains of iodine were liberated : "what was the 
weight of the dichromate used ? ,'(Ii.aa39, I:=127, Cr=52.) 

8. What use has been made ofraluminium for the isolation of other metals ? 
The heat of combustion of aluminium, per gram is 7250, of sodium 2170, and of 
carbon 8000 calories. From these data determine whether it is possible to reduce 
aluminium, or sodium from their oaddns by carbon.— Board of JSduc* 
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9. Calculate tlie niimber of cubic centimetres of decinoi'iiiai potassium 
dieliromate solution required to oxidize 0*5 gram of iron dissolved in dilute hydro- 
chloric aoid. In an actual experiment 88*5 cubic centimetres were used. How do 
you account for the difference ? {K==39, Cr=5:2, 0 = 16, Fe = o6.) — Trhiitij Coll. 

10. Sulphuric acid or alcohol can be dissolved in "water in all proportions, and 
it is accordingly stated that “ these must be considered as conditions of mixture 
rather than of chemical combination.” Discuss this statement. 

11. Contrast the properties of oxygen and ozone, of the two oxides of sulphur, 
and of chromium sesquioxide and cteromium trioxide, and point out how much 
comparisons Justify the belief that the properties of substances are very largely 
dependent on composition as well as on the nature of the elements they contain. 
— London- Univ. 

12. Sometimes anhydrous salts have not the same colour as their dilute 
solutions. Give an illustration with explanation . — Capo Univ, 


CHAPTER XXV 
Manganese 
§ 1, Manganese Oxides. 

Manganese dioxide, MnOg.— The minerai pyrolnsite commonly contains 
from 70 to 90 per cent, of manganese dioxide, MnOo, contaminated with 
more or less iron, alumina, silica, lime, baryta, and maybe cobalt. When 
heated, manganese dioxide loses oxygen and changes to manganese sesqui- 
oxide, MngOg, and then to mangano-manganio oxide, Mn304. Cold con- 
centrated hy^ochloric acid gives a dark brown liquid, and very little chlorine 
is evolved. The cold solution probably contains manganese trichloride, 
MnClg, and possibly also a little manganese tetrachloride, MnCl^; but 
the composition of the liquid is not definitely known. In any case, 
chlorine gas (g.v.) is evolved when the liquid is warmed, and manganous 
chloride, MnClg, remains in solution. When heated wdth sulphuric 
acid, a solution of manganese sulphate, MnS04, is formed and oxygen 
gas is evolved : 2Mn02 + 2H2SO4 2MnS04 -}- 211^0 + O2. 

Manganese dioxide appears to he a feeble acidic oxide; but since 
it dissolves in acids with the evolution of oxygen or its equivalent, it is 
probably an extremely feeble basic oxide, if at all. There is no direct 
evidence of the existence of manganese tetrachloride, MnCl4, in aqueous 
solution, but double salts, MnCl4.2KCi, or rather complex salts, KaMnCIg, 
are known, cf. p. 303. Manganese dioxide does not give hydrogen peroxide 

with acids, and it is not therefore a “ superoxide,” Mn<^ ; it is usually 

represented as a “ poly oxide,” 0=Mn=0, although some consider it to be 
(MnO 2)2—3, manganous manganate, Mn=Mn04 — as shown graphically on 
p. 679, The constitution of manganese dioxide has not yet been made 
clear. 

Manganic sulphate, Mn2(S04)8, is obtained as a dark green powder 
when manganese dioxide is gently heated with concentrated sulphuric 
acid. The manganic sulphate is immediately hydrolyzed by water, and 
it forms a series of “ alums,” isomorphous with aluminium alums, when 
treated with alkaline sulphates. Thus, manganic potassium alum, 
Mn2(S04)3.K2S04.24H20, crystallizes in violet octahedral crystals. The 
alums are rather more stable than.manganic sulphate itself, but even then 
the potassium and ammonium ; manganic alums are so unstable that it 
is doubtful if they have been made pure, for they are hydrolyzed by water, 
forming manganic hydroxide, Mn(OH)3, Caesium and rubidium manganic 
alums are fairly stable. 

Hydrated manganese dioadde, JdnOa.HaO, or manganous acid, 
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HgMnOg. — When an alkaline hypochlorite or h3rpobromite (or an alkaline 
hydroxide with ehiorine or bromine water) is added to an aqueous solution 
of a manganous salt, say, manganous chloride, MnClg, the so-called “ hy- 
di'ated manganese oxide, MnOa^HgO,” is precipitated, just as lead dioxide 
is precipitated from a lead salt solution under similar conditions. The 
reaction,; is represented : ^MnClg + 4 NaGCl == 2Mn02 + 4 NaCl ■+ SGla. 
The compound MnOg.HgO is possibly a manganous acid, HoMnOg. A 
colloidar solution of this acid is easily obtained. Many compounds of 
manganese dioxide with the basic oxides are known. The “ manganese 
mud ” formed by blowing air through a solution containing a mixture of 
lime with a solution of manganese chloride is supposed to contain calcium 
manganite — CaO.MnOg ; or CaMnOg. Calcium manganite is insoluble in 
water and slowly settles as a black mud — -p. 277 . 

Manganese sesquioxide, Mn203.— Also called red oxide of manganese. 
It occurs in nature as hraunite, MiioOg, or rather SMiigOs.MnSiOg. Man- 
ganese sesquioxide is obtained as a black powder when any other oxide of 
manganese is heated to about 900 ® in a current of oxygen. The corre- 
sponding manganic hydroxide, MnO.OH, is formed when manganic sulphate 
is decomposed by water. This compound is converted into manganese 
dioxide when calcined to about 300 ®. The salts, manganic sulphate and 
manganic chloride, have been described. With concentrated hydrochloric 
acid, the hydroxide seems to furnish manganese trichloride (q.v.). This 
shows that manganese sesquioxide possesses basic functions. Neither the 
oxide nor the hydroxide seems to dissolve in cold sulphuric acid; hot 
dilute sulphuric acid forms manganous sulphate, MnS04, and leaves man- 
ganese dioxide insoluble. WTth hot nitric acid, manganous nitrate and 
manganese dioxide are formed : 2 MnO.OH + 2HNO3 Mn(N03)2 + 
MnOg -f 2H2O. Hence, this oxide is sometimes represented as MnO. 
MnOo, or better as manganous manganite, Mn.MnOg, analogous with 
calcium manganite. The manganites are thus represented graphically ; 

0=Mn<Q| 0=Mn<Q>Ca 0=Mn<Q>Mn 

Manganous acid. Calcmm manganite. Manganous manganite. 

This is hypothesis ; however, trivalent manganese compounds are known, 
and manganese sesquioxide may be one of them : 0 —Mn — 0 — ^Mn= 0 . 

Mangano-manganic oxide, Mn304. — ^This oxide occurs in nature in 
red prismatic crystals of hausmannita, and it is formed as a brownish-red 
powder when any of the manganese oxides are ignited in air. It can be 
obtained in a crystalline condition by heating the powdered oxide in a 
current of hydrogen cliloride. Mangano-manganic oxide is not a simple 
basic oxide, for its behaviour towards a.cids leads to the formation of a 
soluble manganous salt, and insoluble manganese dioxide: M113O4 + 
2E2SO4 2MnS04 -f H4Mn04. The hydrate then decomposes into 
manganese dioxide and water. Hence mangano-manganic oxide appears 
to be a compound oxide — 2Mn0.Mn02, or MnO.MugO^; or better still, 
manganese orthomanganite ; The action of nitric acid 

indicated above may then be written: Mn2Mn04 + 4HNO3 2Mn(N03)2 
+ H4Mn04. The oxide, Pb304 is generally supposed to have the 

constitution, Pb2Pb04, or 2Pb0.Pb02 1 and PogO^ is supposed to be 
EeO.Fe203, since no oxide corresponding with quadrivalent iron-“Pe02 — 
is known to exist. Hence our theory of the constitution of Mn^O^ depends 
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upon what dew is taken of the constitution of Mn^Og. A red solu- 
tion, containing manganous and. manganic sulphates, is formed when 
Mn304. is treated with concentrated sulphuric acid, this concsponds witli 
the formula MnOtMnoOg for mangano-manganic oxide ; and the forma- 
tion of manganese dioxide and manganous salt when mangano-manganic 
oxide is treated with dilute sulphuric or nitric acid agrees with MiioMnO^, 
or 2Mn0.Mn02!> that is, with 

Mn<°>Mn<Q>Mn 

Manganous oxide, MnO. — ^When manganous chloride is treated with 
an ali^aiine hydroxide, in the absence of air, a colourless flocculent pre- 
cipitate of manganous hydroxide, Mn(OH)2, is formed. This quickly 
oxidizes probably to green manganic hydroxide, Mn( 011)3. The hydroxide 
is slightly soluble in water. If ammonium salts be present, a soluble 
complex salt, say, {NH4)2MnCl4, is formed. Hence, the complete pre- 
cipitation of manganese hydroxide by ammonia is prevented by tbo 
simultaneous formation of ammonium salts. If the ammoniacal solution 
of manganese hydroxide be exposed to air, manganic hydroxide, Mn(OH)g, 
is slowly precipitated. 

If sodium carbonate be added to a solution of a manganous salt, 
manganous carbonate, MnCOg, is precipitated. If manganous carbonate 
or hydroxide be heated in the absence of air, or if any of the hydroxides 
of manganese be heated in a current of hydrogen gas, MiigOg is first formed ; 
at 280° Mn304 is produced ; and- finally a greenish powder of manganous 
oxide, MnO, is obtained. This oxidizes rapidly on exposure to the air. 
The ‘manganous salts are readily obtained by treating the carbonate or 
hydroxide with the proper acid. The manganous salts are x>ink in colour, 
the aqueous solutions are almost colourless. Unlike the ferrous salts, the 
manganous salts are stable in the solid condition, and also in neutral or 
acid solutions. Manganous chloride and sulphate both form double or 
complex salts with the alkali salts — ^MnCl2.2NH4CLH20 ;• MnS04.K2S04. 
6H26, Manganese and iron form similar isomorphous doirble salts, p. 304. 

§ 2. Manganates and Permanganates, 

Manganates. — ^When manganese dioxide is fused with potassium or 
sodium hydroxide, in the absence of air, a part of the manganese is con- 
verted into the corresponding manganate ; e.g, SMnOg 2KOH =- 
K2Mn04 4“ MhaDg 4* HgO. If air be present, and if some oxidizing agent 
— ^potassium, nitrate or cfdorate — be associated with the mixture, the man- 
ganese dioxide can be nearly ail converted into potassium manganate ; 
2MnOa 4- 4K0H 4- Og = 2K2Mn04 4- 2H2O. The fused mass has a dark 
green colour, and when diluted with a small quantity of water, it furnishes 
a dark green solution from which dark green crystals of potassium man- 
ganate, K2Mn04, can be obtained by allowing the solution to evaporate, 
at ordinary temperatures, in vacuo. Sodium manganate can be made by 
a similar process using sodium in place of potassium compounds ; and it 
can also be made by fusing manganese ^oxide and other manganese 
compounds with sodium pero:dd6. ' , ; The sodium manganate, Na2Mn04 
lOHgO, has a composition resembling Glauber’s salt, Na2S04, lOHgO. The 
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isomorphism of sodium maiigaaate with sodium sulphate and sodium 
chromate makes it |)robable that all these compounds have a similar 
constitution, and that like sulphur in the sulphates, manganese is sexi- 
valent in the manganates. By analogy with the sulphates, therefore, the 
graphic formula of potassium manganate is written : 

0^n<g>Ba 0>Mn<g>Ma 

Potassium manganate. Barium manganate. Manganous manganate. 

Permanganates. — When the green concentrated solution of potassium 
manganate is gently warmed, or largely diluted with water, the gi'een 
colour changes to pinli owing to the formation of a solution of potassium 
permanganate, IQlnO^, and a precipitation of hydrated manganese dioxide, 
Mn02.H.O, thus : 3K2Mn04 + 3 H.^O == 2KMn04 + MnO^M^O + 4 KOH. 
It is supposed that the potassium manganate is first hydrolyzed, forming 
manganic acid: KgMnO^ + 2H2O == 2K0H -k 5 

manganic acid is so unstable that it is decomposed at once; SHgMnO^ 
= 2HM11O4 + MnOg-H^O ~f HgO, The manganate is thus self -oxidized 
and self-reduced, for the manganate is decomposed into a compound richer 
in oxygen and at the same time into a compound poorer in oxygen. 
One part of the compound is oxidized at the expense of the oxygen 
in another part. Several examples of this phenomenon have already 
been given — the decomposition of hypochlorites into chlorates and 
chlorides; the ignition of a chlorate gives a perchlorate and a chloride; 
while alkaline thiosulphates and sulphites give, on calcination in the 
absence of air, sulphates and sulphides. We shall also find later that 
nitrous acid furnishes nitric acid and nitric oxide ; hypophosphorous and 
phosphorous acids give phosphoric acid and phosphine. Potassium 
manganate is not hydrolyzed in alkaline solutions, and it is supposed that 
pure water will not hydrolyze the solution. If a small trace of acid be 
present, even carbonic acid derived from the atmosphere, the hydrolysis 
takes place. Hence if carbon dioxide be passed through an aqueous 
solution of potassium manganate, the latter is converted into a perman- 
ganate : EglMnO^ -f* H2CO3 = K2CO3 + HgMnO^, and the manganic acid 
is then decomposed as indicated above. The oxidization of acidic solutions 
of manganese salts may be effected by persulphates, by lead peroxide 
{Crum's test), and by sodium bismuthate. These reactions are utilized 
for the colorimetric determination of manganese. In addition solutions 
of potassium manganate can be oxidized by means of chlorine, ozone, 
hydrogen peroxide, and other oxidizing agents. Potassium permanganate 
is made by passing carbon dioxide through the aqueous solution obtained 
by extracting a fused mixture of manganese dioxide and potassium 
hydroxide : SKaMnO^ + 2G02-> 2K2CO3 + ^KMnO^ + MnOg. The 
separation of manganese dioxide is avoided by oxidizing the alkali man- 
ganate solution as just described, by electrolyzing it between iron or 
nickel electrodes : 2K2Mn04 + 2H20“^2KMn04 4- 2KOH -f H2. The 
potassium jpermanganate is separated by crystallization, and the hydroxide 
recovered by evaporation and used for the next fusion. 

Potassium permanganate forms dark purple, almost black crystals 
with a greenish lustre. The crystals, are isbmorphous with potassium 
perchlorate, KCIO4. The isomorphism makes it probable that manganese 
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in potassium permanganate, like chlorine in potassiuni perelilorate, is 
septivalent, and that the compounds have the graphic formulae : 

O^Mn^OK 

0/ 

Potassium permanganate* 

The crystals are moderately soluble in water : 100 grams of water at 0® 
dissolve 2'83 grams of the salt ; and at 50°, 16*89 grams. The saturated 
solution is an intense purple colour. 

When heated to about 240°, potassium permanganate furnishes oxygen 
and potassium manganate : 6KMn04 = -f 3Mn02 + 302* 

With concentrated sulphuric acid, it decomposes explosively : 4KMn04 -+* 
6H3SO4 2K0SO4 + 4MnS04 4- 6H2O + 5O2 ; but it is not decomposed 
by very dilute sulphuric acid, hot or cold. If a hot aqueous solution of 
silver nitrate and potassium permanganate be cooled, silver permanganate, 
AgMii04, separates; and if the solution of silver permanganate be 
treated with barium chloride, barium permanganate, Ba(Mn04)2, and 
insoluble silver chloride are formed. 

Permanganic acid and its anhydride. — ^Potassium permanganate is a 
salt of permanganic acid, HMn04. Permanganic acid is best made by add* 
ing just sufficient sulphuric acid to barium permanganate to convert all the 
barium into barium sulphate. On evaporating the filtered solution, violet 
crystals of permanganic acid are obtained. Like perchloric acid, HCIO4, 
permanganic acid, HMn04, is a powerful oxidizing agent, and like per* 
chloric acid, it decomposes in contact with organic matter. If solid 
potassium permanganate be cautiously added to *well-cooled concen- 
trated sulphuric acid, a green oily liquid is obtained which appears to be 
(Mn03)2S04. If a little water be added to this solution, well cooled, a 
dark reddish-brown liquid separates which does not solidify at --20°. 
This is supposed to be manganese heptoxide, MngO? : (Mn03)2S04 + 
HgO = Mn207 4 H2SO4, or graphically, by analogy with chlorine 
heptoxide: 

Q'f \0 

Manganese heptoxide is very unstable, and decomposes with violence when 
warmed, forming a lower oxide and oxygen : 2Mn207 = 4Mn02 4 ^03. 
A mixture of sulphur, or phosphorus with potassium permanganate, is 
violently explosive. Manganese heptoxide is permanganic anhydride, 
because, when treated with cold water and sulphuric acid, it regenerates 
the green solution of {Mn03)2S04. Perhaps the analogy between the 
permanganates and the perchlorates has been pushed too far because the 
manganates do not seem to be related to the chlorates. The parallelism 
between the manganates and permanganates is closer than between the 
chlorates and perchlorates. 

Manganic acid and its anhydride. — If solid potassium perman- 
ganate be dissolved in concentrated sulphuric acid, and the green solution — 
probably of {Mn03)2S04 — be dropped upon dry sodium carbonate, violet 
fumes are*^ evolved. These fumes may be condensed to a red viscid solid 
not yet proved to be MnOa, manganic anhydride or manganese trioxide* 


0 ^ 

0=='C1— ok: 

Potassium perchlorate. 
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Some consider the red solid to be a mixture of manganese heptoxide with 
a lower oxide, say MnOg. Those who consider it to be an impure trioxide 
say that the permanganic anhydride is probably decomposed by the 
reaction :' 2Mn207 == 4Mn03, -|- O2. ■ Manganese trioxide is decomposed by 
water ::: 3Mn03 4- HgO == 2HMn04 + MnOg. Manganic acid, H[2Mn045 
might be expected to be a product of this reaction ; but manganic acid has 
not been prepared in the pure state. 

Oxidizing action of the permanganates. — Potassium permanganate 
is not acted upon by pure sodium or potassium hydroxides in aqueous solu- 
tions, but the commercial alkaline hydroxides generally contain sufficient 
impurities to reduce some of the permanganate. When heated with an 
alkali, potassium permanganate reverts to potassium manganate : 
4KMn04 4“ 4KOH ~ 4K2Mn04 + 2H2O + Oo ; if a reducing agent be 
l>resent, the alkaline permanganate solution is further reduced to man- 
ganese dioxide : 4KMn04 -j- 2H2O = 4Mn02 4" 4KOH -h SOg ; while in 
acidified solutions, the reduction proceeds still further, and a manganous 
salt is formed : 4IvMn04 -f 6H2SO4 = 2K2S^4 + 4MnS04 4- GHgO 
4- 50 2- Hence 2 gram-molecules of potassium permanganate contain the 
equivalent of 80 grams of available oxygen. There are thus three stages 
in the reduction of potassium permanganate corresponding with the 
separation of 1, 3, and 5 atoms of oxygen per two molecules of salt ; 
the decomposition products are respectively potassium manganate, 
manganese dioxide, and a manganous salt. In symbols ; 

MngO^ 2Mn03 + 0 ; Mn207 2Mn02 4- 30 ; Mn207 2MnO -f 50 

The first takes place in alkaline solutions ; the second in alljaline and 
reducing solutions ; and the third in acid solutions. 

OxaHc acid, ferrous sulphate, sulphurous acid, hydrogen peroxide, 
nitrous acid, etc., reduce potassium permanganate to a manganous salt 
in an acid solution. With hydrogen peroxide, oxygen is evolved : SHgOo 
4- 2KMn04 + 3H2SO4 2MnS04 4- K2SO4 4- SHgO 4- SOg. The re- 
action with oxalic acid, (COOH)o, is symbolized: 2KMn04 + 5(COOH)2 
+ 3H2SO4 2MnS04 + IOCO2 + K2SO4 4- lOHgO. The oxalic acid 
actually employed has 2 molecules of water of crystallization: H2C2O4, 
2HoO. The reaction with ferrous sulphate is represented : 2KMn04 -i- 
10FeS04 + 8H2SO4 2MnS04 + 5Fe2(S04)3 + K2SO4 -!- SHgO. These 
reactions giving the terminal products are used in analytical chemistry. 
Since the solution of the manganous salt is almost colourless, if a solution 
of potassium permanganate containing a known amount of the salt per 
litre be added from a burette, the permanganate is decolorized as fast as 
it is added to the reducing agent, until all the latter has been oxidized. The 
appearance of a permanent pink coloration due to the permanganate shows 
that all the reducing agent is destroyed. The solution must be kept acid 
or a precipitate of hydrated manganese dioxide will be formed. 


§ 3. Manganese. 

History. — ^Manganese apx^ears to have been used by the ancient 
Egyptians and Bomans for bleacliing glass, for their glass often contains 
the equivalent of up to 2 per cent, manganese oxide. Pliny mentions its 
use for this purpose under the name - magnes ” j he considered it to be 
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a Tanety of loadatooe, ie. a variety of magnetic iron ore. Eor reasons 
stated in connection with magnesium, the term “ magnesia in old books 
may refer to manganese oxide, B. Valentine, and chemists generally 
towards the end of the 18th century, believed wad to be an ore of iron. 
J, H. Pott (1740) proved tliat pyrolusite proper does not contain iron, and 
furnishes a number of salts quite diJSerent from those obtained with the 
iron oxides. K. W. Scheele (1774) made an important investigation on 
manganese {vide chlorine), and T. Bergman (1774) suspected that some 
metal lay concealed in the mineral earth, partly because of its specific 
gravity, partly because of the peculiar colour it imj)arts to glass, and partly 
because solutions of the earth in acid give a precipitate on the addition of 
alkali carbonate, a circumstance, he said, which takes place with ail metals 
but not with any earth. Bergman reduced the metal earth with charcoal 
and obtained a metal regiiliis ; a purer sample was afterwards isolated 
by J. F. Jolm in 1807, 

Occurrence. — The metal manganese does not occur free in nature. 
Much of the manganese ore comes from Russia, and the highest grade 
picked pyrolusite runs 50 per cent, manganese. Some ore comes from 
several other countries. The chief minerals are the oxides pyrolumie, 
MnOg ; hraunitet MnaOg ; hausmannite^ ; mmganite, MiiaOjj.HoO. 

The carbonate, MnCOs, diahgite or rhodochrosite, is often associated with 
siderite (FeCOg) ; manganese also less frequently occurs as suipiude, 
manganese hlende, MnS ; and silicate, rhodonite, MnSiOg. FranJdmite 
usually contains manganese as well as iron, and, after the zinc has been 
extracted, is used in making spiegeleisen. Wade is an impure mixture of 
manganese oxides often found in damp low-lying places. Wad is sup- 
posed to be a decomposition product of the manganese minerals. Minute 
quantities of manganese occur in water, plants, and animals ; and 
traces also appear to be the colouring agent of many amethyst-coloured 
minerals. 

Preparation of the metal. — ^Metallic manganese has been obtained 
by reducing the oxide with carbon when a very high temperature is required* 
It is far better to mix dry manganese dioxide with dry aluminium |)owder 
in a crucible, and to ignite the mixture as in Goldschmidt’s process, Fig. 187, 
for the reduction of chromium oxide : SMnOg ~\~ 4A1 == 2 AI 2 O 3 + 

The metallic manganese and alumina are melted by the high temperature, 
and the metal coUeots at the bottom of the crucible. 

Properties of the metal. — ^Manganese is a grey metal with a reddish 
tinge 10 x 0 bismuth. The metal is brittle and harder than iron. It has 
a density of 8*0 ; a sample of 97 to 98 per cent, purity melts at 1225'"' and 
boils at 1900°. The metal volatilizes in the electric arc furnaces. Man- 
ganese is superficially oxidized when exposed to the air, and it decomposes 
in contact with water with the evolution of hydrogen. When heated in 
nitrogen, it forms manganese nitride, MngNg ; and if heated in ammonia 
it forms another nitride, MngNg. It also combines directly with carbon to 
form manganese carbide, MngCt, It reacts with nitrogen at about 1200°. 
Manganese readily dissolves in acids — ^liydrochlorio acid, nitric acid, and 
acetic acid — ^forming manganous, salts with the evolution of hydrogen gas. 
The valency of manganese is notelvprthy since it acts as a bi-, ter-, quadri-, 
sexi", and septivalent element. . Manganese also forms an unusual number 
of definite oxides, more indeed than any other element. 
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Basio, forms manganous salts. 

Neutral or mixed oxide ; probably a salt. 
Basic, forms manganic salts. 

Basie dioxide and acidic ; forms manganites. 
Acidic, forms manganates. 

Acidic, forms permanganates 

Atomic weight. — Analyses of manganese chloride and broinide, 
silver permanganate, roasting manganous sulphate to oxide, and reducing 
niangaiiese sulphate to manganese sulphide in a stream of hydrogen siii- 
pMde, all show that the combining weight of manganese (oxygen = 16) 
lies between 54*925 and 55*014 ; the best representative value is taken 
to be 54*93. This agrees with the estimation of the atomic weight by 
Biilong and Petit’s rule. 

Relation of manganese to the halogens. — Manganese does not 
form a family group with other elements with similar characters, as is 
the case with the halogens. Manganese, however, is usually classed with 
the halogens, but there are. not many common properties betw^een them. 
The similarity between the halogens and manganese virtually begins 
and ends with compounds of the highest oxide, MngO^, which itself 
is strikingly like ChOy. The corresponding acids are both monobasic, 
powerful oxidizing agents, and form isomorphous salts. There is a very 
great contrast between the lower oxides of clilorine and manganese, and 
between the elements chlorine and manganese. The relationship between 
chromium, manganese, and iron is much closer. Thus the isomorphism 
of the manganites and chromites ; the isomorphism between the manganic 
and ferric alums, etc. The metals chromium, manganese, and iron also 
have many siniilar properties. 

Uses. — ^Manganese dioxide is used as an oxidizing agent ; in the ananu- 
facture of clilorine and bromine. It is used in decolorizing glass stained a 
yellowish tinge by the traces of “ ferric silicate ” present, for the violet 
colour of manganese silicate masks the complementary yellow tint of 
the iron. Manganese dioxide is also used as a drier ” for paints and 
varnishes ; as a depolarizer in battery cells ; colouring pottery bodies and 
glazes ; etc. Wad is used in the manufacture of paint. A crude mixture 
of sodium manganate and permanganate is made by fusing sodium 
hydroxide wdth pyrolusite, and sold as a disinfectant under the name 
“ Condy’s fluid.” Its “ disinfecting ” qualities depend upon its oxidizing 
properties. 

Manganese is used in the manufacture of manganese bronze (g.i’.), 
and also in the manufacture of iron and manganese steel. Manganese 
alloyed wdth less than 20 per cent, of iron is called spiegeleisen and wdth 
betw^een 20 and 90 per cent, of iron, ferromanganese which can be made 
by reducing the oxides wdth carbon in an ordinary blast furnace, or in an 
electric furnace. Ferromanganese is used for reducing the iron oxide 
formed in the Bessemer’s converter, and for counteracting the deleterious 
effects of phosphorus and sulphur. The resulting manganese oxides pass 
into the slag. Since feiTomanganese contains about 4 or 6 per cent, of 
carbon, it is used for recarbonizing Bessemer’s steel. Manganese steel is 
particularly hard and free from air blebs. It is used in the manufacture of 
burglar-proof safes, dredge pins, shoes and crusher plates for ore mills, etc. 
Cupro-manganese is an alloy of copper and manganese made by reducing 
the oxides of these metals in a graphite erucibie or reverberatory furnace. 


Manganous oxide, MnO' ■ 
Mangano-maagcinic oxide, Mn 304 
Manga, nese scsquioxide, MiigOg 
Manganese dioxide, MnO.^ 
Manganese trioxide, MnOg 
Manganese hoptoxide, Mii^O^ 
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Heusler’s alloy (1903) contains copper, aluminium, and manganese (55 : 
15 ; 30), They are magnetic. The aluminium can be replaced by 
arsenic, antimony, zinc, or tin, and the aUoy remains magnetic. 

Magnetic properties of the metals. — It is usual to regard iron, cobalt, 
and nickel as being particularly endowed with the magnetic quality, and 
Isaac Newton apparently believed that other bodies w’-ere quite uninfluenced 
by a magnet. Earaday and Tyndall, on the other hand, have said that it 
is doubtful if any substance is totally unaffected by a magnet. True 
enough, iron, cobalt, and nickel form a special group in that they acquire 
an enormous magnetization in comparison with other substances. Ex- 
cluding the three elements just mentioned, there is no sign of any permanent 
magnetization with the other elements, and a feeble magnetic effect 
can be induced only with difficulty. The facts are here in agreement 
with the idea suggested by A. Schuster (1903) : Every j)hysical property 
hitherto discovered for one element has been found to be shared by all the 
others in varying degrees. While cobalt, nickel, iron, and Heusler’s afloys 
are attracted bj^ the poles of a magnet ; graphite, bismuth, and several 
other bodies are repelled. M. Earaday (1845) called the former para- 
magnetic bodies (Trapd, beside), and the latter diamagnetic bodies (Sid, 
across), because, when a rod of metal is suspended betw’-een the poles of a 
magnet, a paramagnetic body sets itself axially along a line joining the two 
poles, and a diamagnetic body sets itself equatorially, i,e, at right angles 
to the line joining the poles? Arranging the elements in two classes : 

Paramagnetic elements : K, C, Ti, Ca, N, 0, Cr, U, Mn, Fe, Co, M, Kli, Pd, Os, Ir, Pt 
Diamagnetic elements : H, Na, Cu, Ag, An, Zn, Cd, Hg, Tl, Si, Sn, Pb, P, As, Sb, 
Bi, S, Se, Cl, Br 

No connection between the chemical and magnetic qualities of the elements 
has been detected. Elements so much alike as potassium and sodium, 
oxygen and sulphur, nitrogen and phosphorus, titanium and silicon, are 
separated in different classes. The paramagnetic power of iron, cobalt, and 
nickel decreases with increasing atomic weight ; tvhile with phosphorus, 
antimony, and bismuth, and with copper, silver, and gold the paramagnetic 
power increases with increasing atomic w^eight. E, Heusler found that 
binary compounds of manganese — e,g, the nitride, MnN ; phosphide, 
MjiP ; arsenide, MnAs ; antimonide, MnSb ; bismuthide, MnBi ; vsiiicide, 
MnJSi ; and stannide, MnSn, are also ferro-magnetic. These substances 
become non-magnetie at elevated temperatures ; thus the antimonide 
becomes non-magnetic at about 310°, and the phosphide at about 18°. 
Hence, on a moderately cold day, manganese phosphide is magnetic, but 
it becomes non-magnetic when held in the hand. 

Since all kinds of matter are affected by a magnet, and the effects 
produced differ only in degree, it follows that the atoms of the elements 
may all be magnetic so that magnetism is as inherent a pieperty of the 
atoms as is gravitational weight. Stiff, the strongly magnetic characteristic 
of iron, and sometimes called ferromagnetism, is considered to be molecular 
and not atomic, because while in free iron, and in many iron alloys, the iron 
is ferromagnetic, yet in ferrous sulphate and many similar compounds it 
is paramagnetic, and in iron carbonyl and potassium ferroeyanide it is 
diamagnetic. According to W. Weber’s theory, the molecule of every 
element is a magnet, but the element en masse usually shows no signs of 
polarity under ordinary conditions because the axes of the molecules point 
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in all directions at random, 4, Kg» 188 ; but when a magnetic force is 
applied, some molecnies are turned so as to face one way, B, Fig. 188. If 
the molecules persist in this position when the magnetic force is withdrawn, 
the body will be permanently magnetized ; and if the molecules return to 
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Fig. 18S. — Diagrammatic Bepresentation of the Molecules or Atoms. 

their unoriented positions, magnetism will no longer be perceptible. There 
are many variations of this hypothesis. 


Questions. 

1 . Given a solution of potassium permanganate, explain how the following 
substances can be obtained with its aid manganese dioxide, manganese 
sulphate, chlorine, oxygen . — London XJniv, 

2. Explain the term “ available oxygen ” as applied to potassium permanga- 
nate and potassium dichromate respectively; also “available eblorine ” as 
applied to bleaching powder . — London XJniv, 

3. What facts have led to the supposition that manganese is a heptad metal ? 
^London Univ* 




CHAPTEE XXVI 

Iron, Nickel, and Cobalt 

§ 1. Iron — Occurrence, Preparation, and Properties. 

History* — Iron is perhaps the most precious of all the metals, for civilized 
man would probably feel its absence more than would be the case if he 
were deprived of all. the so-called precious metals. Early in the 14th 
century, when iron was scarce, some iron kitchen utensils in the household 
of Edward III. are said to have been classed among the jewels ; and iron 
implements w''ere among the most prized objects of plundering freebooters. 
The name iron is derived from the Scandinavian iarn. Several fabulous 
stories have been told describing how meteoric iron failing to the earth 
was sent from heaven as a gift of the gods to man. It requires no such 
romantic explanation of the discovery when it is remembered how readily 
iron is reduced from its ores. It has been suggested that “ the first iron 
produced was the result of chance when lumps of iron ore, in place of stones, 
formed a rude cooking fire associated with some feast, where the fire was 
maintained long enough to effect the reduction.’’ Then followed the 
observation that the higher temperatures obtained when the wdnd was 
blowing produced better material. Hence followed various contrivances 
for producing an artificial blast of wind, and so on by natural stages to- 
the blast furnace. Iron implements have been used from prehikorie 
times, one was found during some blasting operations in the pjo-amid at 
Gizeh (Egypt), which is probably 5000 years old. The use of steel in China 
has been traced as far back as 2550 B.C., and we are told by the philologists 
that the early Vedic poets mention iron as being in the possession of their 
prehistoric ancestors, and that the artisans had acquired considerable 
skill in. fashioning iron into tools. Owing to the fact that ancient objects 
of iron are comparatively rare, while ancient bronze objects are quite 
abundant, archaeologists affirm that the so-called bronze age preceded the 
age of iron. The argument is much weakened when it is remembered how 
much more readily iron is corroded by oxidation, and how much more 
readily bronze would survive atmospheric action. Still, bronze -was more 
easy to extract and work than iron, and archaeologists consider that bronze 
ceased to be the dominant tool and weapon of civilized peoples about 
500 B.o. The scarcity of copper and the abundance of iron in India 
makes it probable that with the Hindoos the iron age was not preceded by 
a bronze age. The Ayran emigrants who travelled into Europe carried with 
them a knowledge of producing iron from its ores. The Etruscans of North 
Italy were of Ayran stock, aM they acquired considerable skill in the 

m 
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workiiig of iron. Soon after the downfall of the Roman Empire, the 
manufacture of iron developed in Spain. The famous Toledo steel blades 
were the product of Spanish artisans. Their fame spread, and Spanish 
craftsmen were drawn into France and Germany and tliere they intro- 
duced their peculiar Catalan forge which subsequently evolved into the 
large iron-smelting furnaces. The product of the Catalan forge is either 
a malleable iron or steel ; the larger furnaces produced a varietj- of iron 
which could neither be forged nor tempered, although it was very suitable 
for all kinds of castings of moderate strength — cast iron. The discovery 
of a process by Cort — vide infra — ^whereby cast iron could be converted 
into vTOUght iron at a far less cost than was possible in the Catalan forge, 
gave a great impetus to the manufacture of iron in England. 

In olden times, iron was symbolized by the spear and shield of Mars 
* — the god of War — probably in allusion to its use in making weapons of war. 
Iron is frequently mentioned in the sacred waitings. The Chalybes — 
an ancient nation li\dng near the Black Sea — arc supposed by the Greeks 
to have been the first to smelt iron ores. Hence the old term chalybs for 
steel, and our modern chalyheaie for ferruginous. The process of smelting 
iron was early practised in the East, and the Hindoos acquired con- 
siderable skill in the manufacture of wrought iron and steel. The old 
sword blades of Toledo, Bilbao, and Damascus have never been excelled. 
The more recent method of smelting by means of the blast furnace is said 
to have been devised in Germany about 1350 ; and in Great Britain about 
1500. Charcoal was first used as the reducing agent ; in 1618 D. Dudley 
commenced using coal ; and in 1713 Darby used coke. Coke and coal 
gradually displaced the use of charcoal. Some charcoal is still used 
where wood is cheap, e,g, in a few places on the Continent and in 
America. 

Occurrence. — Small quantities of metalKc iron occur in some basaltic 
rocks. An unusual mass, over 25 tons, has been found on the Disko 
Island, Greenland. Since iron rapidly corrodes when exposed to a humid 
atmosphere, native iron is not at all common. Nearly ail meteorites or 
aerolites contain iron associated with other metals — chiefly copper, cobalt, 
and nickel. Traces of iron combined in various ways are found scattered 
almost universally throughout the mineral kingdom. Ferric oxide, Fe^Oa, 
is widely distributed in nature as red hcemaiite — from the Greek oX^xa 
(haima), blood, in reference to the colour of its streak — red are, and 
specular iron me — ^from the Latin speculum, a mirror, in allusion to the 
lustrous crystals of this mineral. Brown hcemaiite represents a class of 
hydrated oxides which may be represented by the general formula: 
FegOjj.^^HoO, where n represents the variable amount of water in different 
varieties — limonite is generally taken to be FegOg.SHaO, that is, Fe(OH) 3 ; 
gothite, FegOg.HgO ; and hog iron ore which occurs in Ireland belongs to 
this class. Limonite and scanthosiderite are considered to be colloidal 
forms of gothite with various quantities of adsorbed water. Magnetite, 
FegO^, is called loadstone, and nuigneiic oxide of iron, Siderih, or spathic 
iron ore^ FeCOg, is a ferrous carbonate. , Iron pyrites, EeSg, a^id ckalcopyritea 
or cupriferous pyrites, CiiFeSg, are not worked directly for iron on account 
of the difficulty involved in eliminatmg Sulphur, from the product so that 
iron pyrites is. often regarded as a sulphur ore. . Very few clays, soils, and 
granite rocks are free from small quantities of iron. Iron plays an 
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important pait in the nutrition of higher animals and plants, since this 
element seems necessary for their healthy growth. 

Preparation and Properties.— Commercial iron ahvays contains small 
quantities of graphite, iron carbide, iron phosphide, iron silicide, iron 
sulphide, and the corresponding manganese compounds. “ Electrolytic 
iron ’’ is made by the electrolysis of a salt of iron— ferric sulphate ; and 
almost pure iron can be made by reducing a salt of iron — oxalate, chloride, 
or oxide — in a stream of hydrogen gas at 500 '^ to 600°. If the reduction be 
carried out at a lower temperature, the black powder may become incan- 
descent on exposure to 
the , :■ ■ air , — :;py rophorio, : 
■iron. ■■ ' ■ Pure' ■'■.iron:, , '■■cry-'^'' 
stallizes . in, ..the cubic 
system,, . Fig. ■ 1 89. , ■ Iron, 
.is, . a grey, , lustrouS' 
metal ,it melts ■■ ■ '■at 
1500° and boils at 
2950°. If a polished 
surface of a piece of 
iron be maghified 
about 150 diameters, 
a series of boundary 
lines between the crystal walls appear as indicated in Fig, 190. The 
boundary lines are irregular because the crystals of the mass have been 
too closely packed together to enable them to develop their characteristic 
shape. For convenience, the pure metal is sometimes called ferrite. 

Allotropic forms of iron. — ^If the temperature of a cooling bar of 
almost pure iron be recorded every half minute by a recording pyrometer 
the cooling process does not appear to be uniform and continuous, because 
the metal cools down to about 860°, and then becomes hotter ; the cooling 
is then resumed until, at about 750°, the temperature again begins to 
oscillate. These temperature fluctuations are supposed to be due to the 
transition of iron from one allotropic modification to another. Each 
transition temperature corresponds with a change in the mechanical and 
physical properties of the iron. The sequence of changes is reversed when 
the cold iron is heated. Iron below 680° is called a-ferrite ; between 750° 
and 860°, ^-ferrite ; and above 860°, y-ferrite. Some consider that the 
alleged ^-iron is a solid solution of ydron in a-iron. If the iron contains some 
carbon in solution, both the transition points approach 720°, The 
proximity of these points to 720° depends on the amount of carbon in 
solution. A new disturbance then appears in the cooling curve at about 
660°. There is a marked evolution of heat at this temperature, for the 
red-hot cooling steel glows more brightly than before. This phenomenon 
was called by its discoverer — ^Barrett (1874) — the recalescene of steel. 
Some differences in the physical properties of the three allotropic states 
of iron are summarized in Table XXXIII. The slope of the curve 
representing the absorption of hydrogen by iron is steepest between 
about 600° and 900°, and this is taken to bo an effect of the changes in the 
character of the metal. 100 grams of iron at 416° absorb 0*035 mgrm. of 
hydrogen; at 878°, 0*315 mgrm, of hydrogen (or 1*58 mgrm. of nitrogen); 
at 1136°, 0*632 mgrm. of hy<%ogen (or 18*85 mgrm. of nitrogen). If 
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Table- XXXIII.---GOMPABISO ; of the Pbopebties of the, Alloteopes of 

Ibon. 


Ailotrope. 

, . .Normal limits 
of stability. 

Magnetic 

properties. 

Hardness. 

. Ductility. 


to 750® : 

Magnetic 

Soft 

Ductile 

■ ■ E-iron 

750^ to 860® 

Non-magnetio 

Hard 

Brittle;, 

y-iron 

860® to — 

Non-magnetic 

Hard 

Ductile 


the iron contains carbon, some methane is formed at 850'^-900®, by the 
absorbed hydrogen. 

The action of acids. — Iron dissolves in dilute acids ; sulphuric acid 
furnishes ferrous sulphate and hydrogen ; and hydrocliiorie acid furnishes 
ferrous chloride and hydrogen. With cold dilute nitric acid (specihc 
gravity below 1*034) hydrogen is not evolved, but the acid is reduced to 
ammonia, and this reacts with the excess of nitric acid to form ammonium 
nitrate; with an acid of specific gravity T034 to 1*115, ferrous nitrate 
is the main product ; and with an acid of greater specific gravity than 
1 *1 15, say 1 *3, ferric nitrate is the main product. With concentrated nitric 
acid jfspeoific gravity 1 *45), the iron does not dissolve. The iron in contact 
with the concentrated acid appears to have changed, for it behaves 
differently from a piece of the same sample of iron which has not been in 
contact with concentrated nitric acid. The sample which has not been in 
contact "v^dth the strong acid will precipitate copper from copper sulphate 
solutions, lead from lead nitrate, and silver from silver nitrate; the 
other sample will not. The inert iron is said to be in the passive condition. 
Passive iron does not dissolve when dipped in dilute nitric acid. Other 
oxidizing agents, chromic acid, hydrogen peroxide, will make iron passive. 
Chemists are not yet agreed as to the cause of passivity, the general 
idea is that a thin film of oxide is formed on the metal by contact with 
the oxidizing agent. The passivity can be removed by scratching the 
surface of the iron, by heating it in a reducing gas, by strongly rubbing 
the surface, and by bringing the passive iron in contact with zinc while 
immersed in the dilute nitric acid. Other metals also exhibit passivity, 
c.gf. cobalt, nickel, chromium, and bismuth. 

The rusting of iron. — E. L. Blassett said that one of the greatest 
metallurgical problems of the day is to produce a non-corrosive surface 
on iron and steel by electrochemical methods so as not to obliterate or 
obscure the minute outline of the articles. When commercial iron is 
exposed to a humid atmosphere for a short time, it soon becomes covered 
with a reddish-brown film which is called rust. Iron rust seems to be an 
indefinite mixture v/hich on analysis furnishes numbers which vary accord- 
ing to the age of the rust, etc. Bust usually contains ferrous oxide, ferric 
oxide, carbon dioxide, and water. Analyses show that rust is probably a 
mixture of ferric oxide, hydrated ferrous and ferric oxides, and basic 
ferrous and ferric carbonates. If the rust has been long exposed to the 
air, the amount of ferric oxide is relatively large, and the amounts of 
ferrous oxide and carbon dioxide small. Busting is a complex process, 
and workers are by no means agreed on the simple facts. ' Dry iron m dry 
air does not rust, moisture must be present before rusting can occur. 


590 


MODERN INOBG-ANIC CHEMISTRY 


Some deny, others affirm, that the presence of an acid and water are 
necessary. It is exceedingly difficult to free water and the surface of 
glass from carbon dioxide ; and silicic acid can be dissolved froiii the glass 
vessels used and from particles of slag in the iron. However, where careful 
attention has been taken to eliminate the disturbing factors, the evidence 
seems in favour of the conclusion that the presence of an acid is necessary 
for rusting ; that an acid is always present when the iron dissolves : and 
it is highly probable that jmre iron does not undei^go appreciable oxidation 
when exposed to pure water and to pure oxygen. Films of moisture fre- 
quently condense on the surface of iron exposed to the air, and the moisture 
holds carbonic acid and oxygen in solution. The mechanism of the 
‘‘ atmospheric rusting of iron may then proceed according to the follow'- 
ing scheme ; An acid ferrous carbonate, Fe(HC03)5> ; or a basic carbonate, 
Fe(OH)(H0O3), is first formed. The ferrous carbonate in contact with 
oxygen is oxidized to basic ferric carbonate, Fe(0H)2(HC03) ; ortoFe(OH) 
(HC03).> ; or both. The basic ferric carbonate is then hydrolyzed by the 
water, forming ferric hydroxide, Fe(OH)3 ; and the ferric hydroxide is 
subsequently more or less dehydrated, forming ferric oxide. Ferric 
oxide is more or less hygroscopic, so that once rusting has started, at any 
point, subsequent corrosion is quicker because the ferric oxide helps to 
keep the surface of the iron adjacent to the rust spot moist. Several other 
hypotheses have been suggested, and the subject is still sub jwUce, 
Enamels, paints, and bronze powders are largely used for protecting the 
metal from corrosion. Electro deposits have not proved efficacious. There 
are a number of processes which transform the surface into black oxide of 
iron or into a phosphate of iron. F. S. BarS heated the iron red-hot in a 
closed vessel, and treated it with superheated steam so as to transform the 
smface into the black oxide. There are several improvements in which 
a him of oxide can be produced on the metal without interfering with its 
temper In the method known as coaUtfdzing — named after its inventor, 
T. W. Coslett (1906) — ^ferric phosphate is deposited on the surface by 
pickling the cleaned article in a solution of phosphoric acid at 100"^, 
Methods have also been proposed for depositing zinc (g'.'y.) and manganese 
dioxide on the surface of the metal to be protected. 

Atomic weight. — The combining weight of iron determined by the 
analysis of the chloride, bromide? and iodide, and the synthesis of the 
oxide furnish numbers between 55*84 and 56*23 (oxygen =16); and 
55*85 is taken to be the best representative value. This agi-ees with the 
atomic weight deduced from the vapour density of the volatile com- 
pounds of iron ; and by Dulong and Petit’s method of approximation — 
specific heat of iron, 0T16. 

§ 2. The Manufacture and Properties of Pig Iron. 

The blast ftirnace for iron ri. the. most efficient metallurgical instmment thaS 

' ©xists*-^W. M. JoHNSo:^'’(I914j'v 

Iron ore canying the equivalent of 20 to 70 per cent, of iron is abundant 
in many places, hut it is sometimes mixed with so many impurities— 
sulphur, phosphorus, etc.— that It is not suited for making Iron, The 
Swedish ore gives a product whMi Is much prized* The oxides-— magnetite 
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J and iisematite — and carbonates are the sources oi commercial iron. These 

I ores frequently contain a certain amount of clay, and the ores are then 

I termed dmj ironstone. The so«caUed is a ferrous car- 

I bonate contaminated with clay, and black coaly matters. The clay 

f ironstones are usually calcined or roasted by stacking the ore with a small 

quantity of fuel in heaps, in stalls, or in shallow kilns. In the former ease, 
j combustion is started at one point and allowed to proceed throughout 

I the w^hoie mass. The temperature of the smouldering mass is sufficient 

• to drive off most of the moisture, and carbon dioxide, and burn the organic 

j matter and some of the sulphur and arsenic. The ferrous oxide is also 

1 oxidized to ferric oxide. This prevents the early formation of a fusible 
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The blast furnace. — The smelting, as just indicated, is conducted in a tail 
cylindrical furnace — say, 80 feet high — and shaped approximately as indicated 
in the section, Fig. 19 L The dimensions and constractional details of blast 
furnaces vary somewhat in difierent localities. The furnace now being described 
has an outer shell made of iron plates riveted together. Inside this is a casing 
of ordinary brickwork, and inside this a lining of firebricks — feet thick. The 
parts which are subjected to the greatest heat are built independently so as to 
facilitate repairs. The greatest internal width is 20 feet. This part is called 
the hash. The mouth of the furnace is closed by a single, usually double, e«p- 
and~cone feeder j C. The materials for charging the furnace are conveyed in trucks 
to the charging gallery, D, at the top of the furnace, and there tipped into the cup 
of the feeder. When the cup is filled, the cone is depressed, and the charge auto- 
matically distributed in the interior of the furnace. The waste gases pass away 
vid the outlet at the throat of the furnace. The furnace narrows below the boshes, 
and at the hearth the diameter is 8 feet. Molten iron and slag collect on the 
hearth, and outlets are here provided, one, A, for tapping the slag, and another, B, 
for tapping the iron. Between 6 and 8 feet from the base of the furnace, six 
openings, T, are provided for the insertion of water-cooled nozzles — tuyeres — ■ 
through which a blast of hot air is forced into the furnace. 

The hot gases from the top of the furnace are led down a flue — the dovm-eomer 
-—into a chamber — the dust-catcher. The gases pass from the dust-catcher along 
an underground flue, FF, to a tower — Cowper's stove — jpacked checkerwise with 
firebricks. The flue gas is burnt in the combustion chamber of the stove, and 
the products of combustion pass on to the chimney. The secondary air required 
for the combustion of this gas enters through the ports, W. The burning gas 
raises the temperature of the checker brickwork. When the temperatm’e of the 
stove is hot enough, the gases from the blast furnace are deflected, and burnt in an 
adjoining similar tower ; meanwhile the gas and air valves — U, F, W — in the hot 
tower are closed ; and another set of valves — M, N — connecting the tuyeres with 
the blowing machine are opened. The cold air passing through the hot checker- 
work of the Cowper’s stove on its way to the tuyeres is heated. When the tower 
has been cooled sufficiently, the adjoining stove is hot. The gas from the blast 
furnace is again burned in the cooled tower, and the blast is sent through the hot 
tower. Thus the towers are alternately heated by the combustion of the gas from 
the blast furnace, and cooled by the cold air from the blowing machine. In 
this way the blast of air is heated. 

The reactions in the blast furnace during smelting. — The chemical 
changes which take place in the blast furnace during the smelting of iron 
ore are somewhat complex. Hence the following sketch must be regarded 
as a simplified description : 

1. The ore. — ^The ore, mixed with coke and limestone, is exposed, in 
the upper part of the furnace, to the action of reducing gases, principally 
carbon monoxide, ascending from the lower part of the furnace. The 
action commences between 200^ and 500®, that is, as soon as the charge 
has commenced its downward descent : Ee 203 + 3C0 ^ 2Fe + BCOg ; 
and reduction continues with increasing velocity as the charge descends 
into the hotter part of the furnace. There appears to be a complex series 
of side and intermediate reactions : SFcgOg + CO = 2 Ee 304 + CO, ; 
Fe 304 + 00^ CO 2 3FeO ; and FeO + CO ^ COg + Ee. Below dull 
redness, the back-reaction Fe + CO FeO + C is known to occur. 
Most of the oxide is reduced before it has descended 10 feet below the level 
of the charge ; any oxide which has escaped reduction will then be reduced 
by the carbon : FegOg -f 30 SCO -f 2Fe. The hot spongy iron meets 
the ascending carbon monoxide, and decomposes part : 2CO = COg + C. 
The solid carbon is deposited amidst the spongy iron. The iron undergoes 
little change until it reaches the zone of fusion. The iron, however, 
absorbs or dissolves much carbon as it pass^ down the furnace. The 
melting point of a mixture of iron and carbon is lower than that of pure 
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iron, so that while the temperature of the blast furnace would not he 
sufficient to melt pure iron to the necessary iuid condition, the temperature 
required for iron with carbon in solution is easily maintained. The 
molten iron trickles down and collects in the well of the furnace below the 
tuyeres. The iron takes up many other elements in addition to carbon 
during its descent in the furnace. Thus, silicon, sulphur, phosphorus, and 
manganese are partly absorbed by the iron, and partly by the slag. 

2. The ascending gases. — ^The oxygen of the hot air blast burns the 
carbon of the hot coke : 0 + O 2 == CO 2 ; and the carbon dioxide is at 
once reduced by the hot carbon : COg -f C = SCO. The ascending gases 
warm up the descending charge. When the temperature reaches about 
600°, the limestone begins to decompose : CaCOa ~ COg + CaO. Most of 
the carbon dioxide thus formed is at once reduced by the excess of carbon 
to carbon monoxide. At this stage, the reduction of the iron oxide to 
spongy metallic iron is practically complete. An excess of carbon mon- 
oxide is needed for the reduction because the reaction, FegOg -f- 3CO 
3 CO 2 + 2Fe, is reversible, and a condition of equilibrium would be attained 
when only a certain proportion of the ferric oxide is reduced. An excess of 
carbon monoxide favours a more complete reduction of the ferric oxide. 
There are quite a number of concurrent reactions taking place at the same 
time. If any water is present in the blast, it will be reduced: HgO 

G — CO -f Hg ; and the nitrogen of the air, brought in wuth the 
gas, forms a little cyanogen. The net result is a combustible gas, contain- 
ing approximately : 

CO CO» N H Hydrocarbons. 

25-3 10*5 58T 4*3 L6 per cent. 

The combustible gas is utilized for heating the blast ; and if there be 
any surplus, it is used for heating the boilers which run the blowing engine ; 
for calcining the ore, and for general heating purposes. If coal he used 
in place of coke, tar, etc., separate from the gas at the base of the down- 
comer and that mixture is treated by the process described under coal gas. 

3. The slag. — ^When the charge in the furnace has descended about 
20 or 30 feet, and the temperature is about 600°, it has formed a mixture 
of spongy iron, earthy gangue, coke, and limestone or quicklime. Little 
further change occurs until the temperature is hot enough to melt the 
mixture. At this temperature, a fusible slag is formed containing approxi- 
mately 55 per cent. SiOg, 30 per cent. CaO, and 15 per cent. AI 2 O 3 . The 
fused slag trickles down into the well, and floats on the surface of the molten 
iron. The slag is drawn from the furnace at intervals, and, when cool 
enough, tipped on the slag heap. The slag is derived from the ash of the 
fuel, from the earthy gangue of the ore, and the fluxes added with the 
charge to promote fusion. The composition of the slag varies with the 
quality of the iron, etc. Success in working the blast furnace depends 
largely upon the nature of the slag. Some types of slag which do not dis- 
integrate on exposure to the air are used as road metal, and railway ballast ; 
or mixed with some clay and moulded into bricks for paving, and building 
purposes. Some varieties of slag are made into cement. 

The properties of pig iron. — ^The molten metal which collects in the 
well is tapped at intervals — ^say twice every twenty-four hours, and run 
into sand moulds, or into “ chilled jnoulds,’’ and allowed to solidify. The 
iron is then called pig iron. The ** pigs of iron are about 3 feet loiig. 
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and 3 or 4 mch^ thick. In some cases the molten metal is run directly 
into a mixer, or into Bessemer’s converter, and made into steel. Ore, 
flux, and coke enter the furnace ; molten iron, molten sla,g, and gaseous 
products leave the furnace. Fresh charges of ore, coke, and flux are 
added in definite proportions at regular intervals, and the smelting of the 
ore thus continues without interruption for months or years. 

The product from the blast furnace cannot bo worked under the 
hammer, for when heated it passes immediately from the solid brittle 
condition to the liquid state in which it can be cast or poured into moulds 
— cast iron. The iron prepared in the older t 3 ^es of furnace — e.g, the 
Catalan forge — could not be melted in the industrial furnaces then in use, 
hut when heated, it became soft and plastic so that it could be ivrought 
under the hammer. Hence the principal varieties of iron are cast iron 
and wrought iron. The pigs of cast iron derived from the blast furnace 
are classed according to their quality. Ordinary pig iron contains from 
T5 to 4*5 per cent, of carbon. Higher proportions are sometimes present 
when the raw materials contain much manganese or chromium. The 
carbon of pig iron occurs in at least two different states — ^free and com- 
bined. Combined carbon is either in solution, or present as a definite 
chemical compound, see “ Steel,” The mode in which the carbon is 
associated with the iron has a marked effect on its properties. The free 
carbon, interspersed as graphite through the pig iron, is well shown on the 
fractured surface of a broken pig. If pig iron be digested with hydrochloric 
acid, the graphite remains behind as an insoluble black powder, but the 
combined carbon unites with the hydrogen forming various hydrocarbons 
which colour the solution yellowish-brown, and give the escaping gas a 
characteristic unpleasant smell. The gas is also contaminated with hydro- 
gen sulphide, siHcide, and phosphide derived from the impurities — iron 
sulphide, silicide, and phosphide — ^in the iron. The classification of pig 
iron is based on the relation of free to combined carbon. If much of the 
carbon be “ free,” the iron is called grey pig iron ; and if much combined 
carbon be present, white pig iron ; intermediate varieties are called 
mottled pig iron. The grey and mottled varieties are further subdivided. 
Pig irons too are often graded according to their source because certain 
districts work a specially pure or a specially foul ore, and this gives the 
iron from these districts characteristic properties. The following analyses 
will illustrate the difference between the three varieties of pig iron : 

Grey. Mottled. Wliite. 

Combined carbon (C.C.) , 0*90 1*80 3*00 per cent. 

Free carbon (Gr.) . . .. 2*8 1'40 0-10 jxu’ cent. 

The pig iron also contains silicon, sulphur, phosphorus, and manganese. 
Cast or pig iron is not malleable, nor can it be welded. It is used for 
casting articles — like stoves and ornamental iron — ^which are not likely 
to be subjected to. shocks. Cast iron is the stai-ting-point for the manu- 
facture of wrought iron and steeL 

In the electrol 3 rtic purification of cast iron the metal is deposited in 
a rotating cathode, the electrolyte being a neutral solution of ferrous salts, 
which is circulated over iron turnings in order to maintain this neutrality. 
At regular intervals also additions are made to the solution of oxide of 
iron, which acts as a depolarizer and prevents hydrogen collecting in the 
cathode to a deleterious degree. The current density used is 1000 amperes 
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per square metre. The deposit obtained is of a Mgh degree of puriry, 
thus, starting from a cast iron containing 2*55 per cent, of C ; 1*31 percent, 
of Si ; 0*07 per cent, of S ; and 1 *07 per cent, of P, the deposited metal 
contained 0*004 per cent, of C ; 0*007 per cent, of Si ; 0*005 per cent, of 
S ; and 0*008 per cent, of P. In its unamiealed condition, however, the 
iron is very hard and brittle, but on annealing for two hours at 900°, 
it shows the normal microstructure and is very tough under mechanical 
tests. The process is proposed for the manufacture of very thin tubing. 
The magnetic properties of the deposited metal, moreover, make it weii 
suitable for the construction of transformers and other electrical appliances. 
For the making of high-quah’ty cast steel it is claimed that the elec- 
trolytic inetal should compete successfully with Swedish iron. 

§ 3, The Manufacture and Properties of Wrought Iron. 

Wrought iron is now made by melting pig iron with “ scrap ” iron on the 
bed of a reverberatory furnace, Fig, 192, lined with iron ore (FcgOg). The 
reverberatory furnace — here called a puddling furnace — was fii’st used for 
iron by T. and G. Granage in 1776, and more successfully by H. Cort in 
1784, although similar furnaces had 
been used by copper smelters for 
some time. Rogers, in 1816, im- 
proved the furnace by introducing 
a bed of iron oxide in place of 
siliceous matters previously used. 

When the pigs of cast iron are 
melted in the iDuddling furnace, 
part of the carbon, silicon, sulphur, 
and phosphorus of the cast iron are ” ’ ’ '(biagrammatie). 

oxidized by the furnace lining, and 

the metal melts to a fluid mass on the bed of the furnace (melting stage). 
The puddler then thoroughly mixes the charge so as to bring the molten 
metal into intimate contact with the iron oxide of the furnace bed. The 
puddler works the iron through an opening in the side of the furnace. The 
sulphur, phosphorus, and silicon are partly oxidized. Jets of flame soon 
appear on the surface of the molten metal — “ puddler’s candies ” (fluid 
stage). The carbon is oxidized to carbon monoxide wliich burns to carbon 
dioxide. The other impurities are also oxidized, and form a slag with the 
lining of the furnace (boiling stage). The iron then becomes “ pasty ” 
because purified iron melts at a higher temperature than the less pure iron. 
The molten mass is stirred, puddled, and finally gathered into large “ balls 
or “ blooms,” each ball about 80 lbs. in weight (hailing stxtge). The balls 
are removed from the furnace, and squeezed nearly free from slag by 
working under a steam hammer. The iron is then rolled into sheets so as 
to give the finished product a fibrous structure. 

While cast iron melts at about 1200^, wrought iron melts at aboxit 
1550^. Wrought iron softens at about 1000^, and it can then be forged and 
welded. Wrought iron is tough and malleable, and fibrous in structure ; 
oast iron is brittle, and it has a crystallme structure. Under the micro- 
scope, wrought iron appears to be composed of a bundle of fibres surrounded 
by some slag of magnetic oxide, etc* j each bundle seems to consist of a 
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series of fibres of metallic iron interlaced with a little ferrous siiicide. 
These fibres give wrought iron its fibrous structure, and enable it to 
withstand severe longitudinal stresses. Wrought iron can be rolled into 
plates, and drawn into wii'e. It is made into wire, nails, chains, anchors, 
horseshoes, agricultural implements, etc. It is not used so much as 
formerly, because, on account of its high cost of production, it has been 
largely replaced by cheaper soft steels — indeed, some of the soft steels 
made by cheaper processes masquerade on the market as wrought iron. 
When heated red hot and quenched in cold water, wrought iron does not 
harden ; steel under the same treatment becomes very hard. 

§ 4. The Manufacture of Steel — Crucible and Cementation Processes. 

The art of making steel is reduced to keeping iron in contact with carbon at a 
temperature sufficiently raised and maintained for a long enough time. — 
G. L. Bebthollet (1803). 

The amount of carbon in steel is usually intermediate between that in 
east iron and in wrought iron. Steel is made by decarbonizing cast iron, or 
by carbonizing wrought iron. The latter process gives the more reliable 
result because wrought iron is less contaminated with other impurities. 
The principal methods of making steel are : (1) the cementation process ; 
(2) the crucible process ; (3) electric processes ; (4) Bessemer’s acid and 
basic processes ; and (5) Siemens and Martin’s acid or basic processes. 

The cementation process. — ^Bars of specially pure varieties of wrought 
iron — e.gf. Swedish iron — are packed with charcoal in boxes made of fire- 
brick, and sealed with a lute of refuse from the troughs below the grind- 
stones of the steel grinders. The boxes are heated in a furnace for S to 11 
days at about 1000"^. The time and temperature depend upon the amount 
of carbon to be incorporated with the wrought iron. The bars, when 
removed from the cold furnace, have a blistered appearance, hence the 
term dUsfer steel. The bars are broken and sorted by experts who estimate 
the quality from the appearance of fractured surfaces. The blistered 
steel is then heated, and hammered into bars. The product is a high- 
class tool steel ©ailed shear steel. The only change in composition which 
can occur during the cementation is due to carbon, and some of the purest 
steels in commerce are made by this process. Blister steel is also melted 
in crucibles and cast into ingots for high-grade cast steels. The cementa- 
tion process is being gradually displaced by cheaper processes. 

During cementation, solid carbon slowly diffuses into the iron. Pro- 
bably at the high temperature, gaseous carbon compounds play some part 
in the action, ^aybe carbon monoxide is formed and occluded by the 
iron. The carbon monoxide is then decomposed : 2CO = 002 + 0. The 
carbon dioxide escapes into the box of charcoal and there forms more 
carbon monoxide. This is again occluded by the iron, and the cyclic 
action t 00 COg CO -> . . . is repeated indefinitely. Possibly also 
some cyanogen compounds take part in the action. 

The crucible process for cast steel. — Bars of wrought iron are melted 
with a definite amount of carbon in fireclay crucibles. The iron slowly 
changes into steel by absorbing carbon. The time required is about four 
hours. Experience has taught the melter how much charcoal is needed 
to bring the metal up to the required carbon content. The success of the 
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operation depends upon tlie skill in the selection of the iron ; in the adjust- 
ment of the charge ; and on careful melting. Crucible steel is usually a 
high-grade tool steel used for razors, files, etc. A less pure product is made 
by heating a mixture of wrought iron with the necessary amount of cast 
iron. High-grade crucible steel is more expensive than Bessemer or open 
hearth steel. The term “ cast steel ” was originally reserved for crucible 
steel, but the cognomen is sometimes applied by vendors to steels made by 
cheaper processes. The manufacture of crucible steel was used by 
B. Huntsman in Sheffield about 1740 as a secret process. 

Special steels of the self-hardening type are usually made by the 
crucible process, by alloying steel with small quantities of other metals ; 
these impart hardness, toughness, and strength. In districts where 
electric power is cheap, electric furnaces are coming into use for the manu- 
facture of steel. Electric furnaces may not succeed in ousting the Bessemer 
and open hearth processes ; but they promise to play an important part 
in the future of the steel industry, and possibly may displace some of the 
older processes of making special steels, 

§ 5. The Manufacture of Steel — Bessemer's Process. 

In 1852 Kelly patented a process for purifying pig iron, based on the 
fact that if air be forced through a mass of molten pig iron, in a suitable 
vessel, the impurities — carbon, silicon, phosphorus, etc. — which prevent 
the pig iron being ductile and malleable are oxidized first, and a bath of 
molten metal, virtually wrought iron, is obtained. In 1856 H. Bessemer 
patented a converter suitable for the process. Bessemer afterw’ards 
bought KeUy’s patents. The metal in the converter can be mixed with a 
known amount of spiegeleisen — ie, a ferro-manganese containing a known 
amount of carbon. The steel is then at a sufficiently high temperature to 
permit of its being cast into moulds. This is really a wonderful process, 
for molten pig-iron at a red-heat is converted in a few minutes into molten 
steel at a white-heat, and the cost of the conversion is relatively small. 
The heat required to keep the charge molten and raise the temperature 
above the melting point of the metal is largely furnished by the combustion 
of the impurities. The steel can be prepared at but a small fraction of the 
cost of manufacture by the processes which precede. This method of 
making steel virtually revolutionized the art, but it will j>robably be ousted 
in a few years. 

In Bessemer’s process about 10 tons of molten pig iron are run into a 
large egg-shaped vessel, called the converter. The converter can be tilted 
into any required position. It is provided with holes at the bottom tlirough 
which a powerful blast of air can be blown. The converter is made of 
wrought-iron plates, and lined with a bed made of silica and clay. A 
general idea of the structure of a converter can be gathered from Fig. 158, 
which shows part of the inside and part of the outside. Molten pig iron is 
run into the converter, and a powerful blast of air in fine jets is forced 
through the mass of molten metal. The temperature rises owing to the 
heat evolved by the oxidation and combustion of the impmities — ^the 
carbon, sulphur, and manganese. The carbon forms carbon monoxide 
which burns at the mouth of the converter. The fiame is accompanied by 
a brilliant shower of sparks. The other oxides form a slag with the furnace 
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lining. Experience and the appearance ol the flame tells the operator 
when to stop the blast. The right amount of spiegeleisen is then added to 
make a metal of definite composition. The blast is again turned on for 
a moment, and the metal is then cast into moulds to form blocks of 
Bessemer’s steel. 

Thomas and Gilchrist’s basic process,— The sulphur and phosphorus 
are not removed by Bessemer’s process just indicated. In 1878 S. G. 
Thomas and P. C. Gilchrist showed that, if the converter be lined with, say, 
dolomite (basic lining), and some lime be added to the charge of pig 
iron, and the blast continued a little longer, the oxides of phosphorus, 
sulphur, and silicon formed are absorbed by the furnace lining. The 
operation is otherwise conducted as before. The lining, after use, is called 
Thomas' slag, and it is used as a fertilizer on account of the phosphorus 
it contains. If the lining is siliceous, the operation is called the acid 
Bessmner^s process ; and if the lining be dolomite, the hasic Bessemer's 
process. 
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chambers r^ldchcumbers 

Fig<- 193, — ^Hearth of Siemens- 
Mar tin’s Process (Diagrammatic). 


§ 6. The Manufacture of Steel — Siemens and Martin’s Open Hearth 

Process. 

E. Martin (1864) made steel by fusing pig iron admixed with wrought 
iron scrap in an open sand basin ; and W. Siemens (1863) by treating pig 

iron and pure hsematite ore in a similar 
manner. The idea thus originated with 
the latter, though the process is usually 
called the ‘‘ Siemens-Martin ” process, or 
the open hearth process. In this process, 
the furnace is charged with a mixture of 
pig iron, scrap (wrought) iron, and good 
hematite ore free from carbon. The 
mixture is melted in a shallow rect- 
angular trough or hearth. The furnace 
is heated by producer gas. Both the gas 
and the secondary air for the combustion of the gas are pre-heated so that 
a very high temperature can be obtained. A general idea of the process 
can be gathered from Fig. 193, which shows a section through the hearth. 
The air port is not shown in the diagram. The gas and air burn on the 
left, the hue gases travel down the flue on the right, and in doing so heat up 
two chambers packed with checker brickwork. The direction of the burn- 
ing gas is then reversed. Gas and air pass separately through the heated 
chambers, and the flue gases heat up another pair of similar cliambers 
below the hearth. The direction travelled by the burning gas is reversed 
about every half-hour, and the heat of the flue gases is utilized in warming 
up chambers through which the uuburnt gas and air will pass later on. 
The furnace is called Siemens' regenerative furnme. When a test shows that 
the metal contains the right ainpnnt of carbon, ferro-manganese is added 
as in the case of Bessemer’s steel. If the bed of the furnace is made of 
siliceous materials — acid j?roca£?s^the proportion of carbon, silicon, and 
manganese are reduced during the treatment, but the amounts of sulphur 
and phosphorus remain fairly ooiist^nt. In the hasic process^ the furnace 
is bedded with, say, dolorhite, and there is a steady fall in the amount of 
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phosphorus and sulphur during the treatment, just as was the case with 
the basic Bessemer’s process of Thomas and Gilchrist. 


§ 7. The Constitution and Properties of Iron and Steel. 

Steel is the mainspring of modern industry. The commercial importance 
of steel is greater than that of gold, silver, zinc, copper, and lead combined, 
and, indeed, the trite sasring that this is an age of iron, is well founded. — 
W. M, Johnson (1914). ' 

Pore iron is a laboratory curiosity. The properties of the commercial 
varieties of iron depend on the nature and proportion of impurities which 
are present. The foundry-man makes irons and steels of different com- 
position to give them specific properties and. to adapt them to certain uses. 
It may be said in a rough kind of way that steel is intermediate between 
cast and wrought iron so far as the proportion of carbon is concerned. 
Thus, 

Steel. 

Pig iron. Hard. Medium. Soft. Wrought iron. 

Carbon (per cent.) *3-0 0*9 0*4 0*1 0*06 

but some of the so-called carbonless steels contain less carbon than wrought 
iron, and there are no hard-and-fast boundary lines. Indeed it does not 
seem possible to define steel satis- 
factorily without reference to its mode 
of manufacture. Some of the so-called 
carbonless steels have less carbon than 
wrought iron, but are distinguished 
from the latter by being molten when 
made. Iron at about 1240° dissolves 
5 per cent, of carbon, the amount 
dissolved increases with the tempera- 
ture, so that at about 2380°, nearly 10 
per cent, is dissolved. A sample of 
iron of 99*98 per cent, purity melted 
at about 1520°; and the freezing point of iron is lowered by the presence 
of carbon in the same way that the freezing point of water is lowered 
by salt (Fig. 59). The freezing point curve for solutions of carbon in 
iron is shown in Fig. 194. If a molten saturated solution of carbon in 
iron be slowly cooled, the excess of carbon separates as graphite, and the 
still molten mother liquid becomes poorer in carbon ; as the temperature 
falls, graphite continues separating as illustrated by the curve BO, Fig. 194. 
When the mother liquid has 4*3 per cent, of carbon in solution, it solidifies 
en masse at 1130°, corresponding with the point 0. The mixture contain- 
ing 4*3 per cent, of carbon is the most fusible mixture of carbon and iron— 
the eutectic mixture, and 1130° is the eutectic temperature. If the cooling 
fluid contains less than 4*3 per cent, of carbon, a solid solution of about 
2 per cent, of carbon commences to separate, and continues separating as 
the solution cools until the remaining fluid has the eutectic composition, 
which solidifies en rmsse at 1130°. The carbon which is rejected as the 
solution cools is called graphitic carbon. It is not attacked when the metal 
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is digested in 'boiling hydrochloric acid, nor by nitric acid of speoihG gravity 
1*2, When steel free from graphitic carbon is digested in dilute hydro- 
chloric or sulphuric acid, (1) part of the carbon— called hardening carbon 
— appears to be combined with the metal, for it is evolved as a hydro- 
carbon gas along with the escaping hydrogen. J. Priestley called the gas 
extremely fo3tid inflammabie air/’ (2) A portion of the carbon — called 
cementite carbon — ^remains undissolved. The cementite carbon, however, 
does dissolve in dilute nitric acid, forming a brown solution. The intensity 
of the colour is proportional to the amount of carbon dissolved, and by 
comparing the colour of the solution with the colour of the solutions 
made up with steels containing known amounts of carbon, the amount of 
carbon in solution can be estimated. This is the so-called Eggertz's colour 
test for combined carhon in steel. 

Remember that iron above 860° is in the y-condition ; and between 
860° and 750° in the j8-condition. The solid solution of carbon in y-ferrite 

above 860° is called auste- 
nite— after W. C. Roberts- 
Austen ; and the solid solu- 
tion of carbon in jS-ferrite, 
martensite— after A. Mar- 
tens. a-ferrite does not ap- 
pear to form a solid solution 
of carbon in the same way 
as do j8- and y-ferrite, J, 0. 
Arnold calls a solid solu- 
tion of iron with 0*89 per 
cent, of carbon, hardenite. 
Hardenite has a constant 
composition 0*89 per cent, 
carbon. This may corre- 
spond with a definite car- 
bide of iron, Pe^^C, or 
possibly with a solution of 
iron carbide, FegO, in iron : 
FcgC + 21Fe. In any case, 
if hardenite he cooled 
slowly, it decomposes just below 700° into a mixture of ferrite (iron) 
and cementite. There is a marked evolution of heat during the de- 
composition of the hardenite. This corresponds with the recalescence 
of cooling steel just below 700°. Cementite is an iron carbide, Fe 3 C, or 
a solid solution containing FegC with traces of several other carbides. 
The mixture of cementite and ferrite forms alternate layers of different 
degrees of hardness. When the surface of the metal is polished the 
harder parts stand out in relief. This gives the surface an iridescent 
appearance resembling mother-of-pearl when viewed at certain angles. 
Hence the mixture has been called “ the pearly constituent of steel,” or 
simply pearlite. The alternate layers, under the microscope, have an 
appearance resembling that shown in Fig. 195. If the solid solution — 
hardenite — be cooled so quickly that the decomposition products of the 
hardenite have not time to segregate into alternate layers, but produce a 
more or less ill-defined mixture of cementite and ferrite, the mixture is 
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called sorbite— after H, C. Sorby. With slowly cooled steels the pearlitio 
structure is well developed ; and with more quicMy cooled steels, the 
sorbitic structure prevails. If the iron has less than 0*89 per cent, of 
carbon, ferrite separates from the cooling solid solution until a mixture of 
ferrite embedded in a matrix of hardenite with 0*89 per cent, of carbon 
remains ; the hardenite then dissociates as indicated above. Similarly, 
if the solution has more than 0*89 per cent, of carbon, cementite separates 
until a matrix of cementite imbedded in hardenite, with 0*89 per cent, of 
carbon, is formed ; the hardenite then dissociates as before. It wdii be 
noticed that pearlite and sorbite are not definite constituents ; the terms 
refer to the mode in which certain constituents of a mixture are aggregated 
together. Metallographists are not all agreed in their interpretations of 
the observed phenomena, and details are still in the throes of disputation. 

The sudden quenching of the steel while these changes are in progress 
may arrest or inhibit further change. Similarly, re-heating followed by 
sudden quenching may completely alter the structure, and accordingly 
also the properties of the metal. The hardness of steel thus depends upon 
its composition and its history — ^the way the metal has been cooled, and 
on its subsequent heat treatment. A typical steel containing nearly 1 per 
cent, of carbon when heated to a high temperature and suddenly chilled, 
becomes so hard that it will scratch glass, and so brittle that it will not bend 
very far without breaking. The operation is called hardening steel. The 
hardenite of hardened steel is preserved more or less undecomposed when 
the steel is suddenly chilled — hence the term “ hardenite.” If the hardened 
steel be re-heated to its original high temperature, and slowly cooled — 
“ letting down,” or annealing steel — ^it becomes soft and ductile. By re- 
heating hardened steel to certain definite temperatures — ^200° and upwards 
— and then cooling under definite conditions, steels can be obtained of 
varying, yet definite, degrees of hardness and ductility. This has been 
traced to changes in the constitution of the metal. The process of 
re-heating a hardened steel to a temperature far short of that employed 
when the steel was hardened is called tempering steel. 

§ 8. Iron, Nickel, and Cobalt Monoxides. 

Ferrous oxide, EeO. — ^Ferrous oxide is formed as a crystalline, black, 
magnetic substance when carbon dioxide is reduced by hot metallic iron. 
Ferrous oxide appears to be an intermediate stage in the reduction of ferric 
oxide by hydrogen or carbon monoxide, and hence the product is likely 
to be contaminated with either the higher unreduced oxide, or with metallic 
iron Ferrous oxide is also formed when ferrous oxalate is heated out of 
contact with the air. When exposed to the air, ferrous oxide is oxidized 
to ferric oxide, Fe^Os. The heat of formation is 60*4 Cals. White ferrous 
hydroxide, Fe(OH) 2 , is precipitated when an alkaline hydroxide or ammonia 
is added to a solution of a ferrous salt, provided air be entirely absent ; 
but if the solutions have dissolved air, the precipitate will have a greenish 
colour. The white precipitate rapidly absorbs oxygen, and passes into 
ferric hydroxide, Fe(OH) 3 . Ferrous hydroxide and oxide dissolves in 
acids, forming ferrous salts. In acidic or neutral solutions, the ferrous 
salts do not oxidize quickly at ordinary temperatures, but in alkaline 
solutions ferrous iron is rapidly oxidized. , 
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Cobaltous hydroxide, Go{OH)2. — A basic cobaltous chloride, Co(OH)Cl5 
is formed as a blue precipitate when potassium hydroxide is added to a 
solution of a cobaltous chloride. The basic salt, on boiling, is converted 
into rose-red cobalt hydroxide, Co(OH)3, which, according to E. Donath, 
is slightly soluble in an excess of concentrated potash-lye forming a blue 
solution supposed to be potassium cobaltite, Co(OK)2* Copper oxide 
behaves similarly under the same conditions. Cobaltous hydroxide turns 
brown oh exposure to the air owing to the absorption of oxygen. The 
hydroxide dissolves in hot concentrated potassium hydroxide, but it 
crystallizes from the solution on cooling. Cobaltous hydroxide thus shows 
feeble acidic properties. The hydroxide dissolves in ammonia, forming 
cobalt-ammine ” compounds (q.v.). The ammoniacal solution rapidly 
absorbs oxygen from the air. If cobalt hydi-oxide, carbonate, or nitrate 
be strongly heated in the absence of air to about 1000 '^, cobaltous oxide, 
CoO, is formed as a dark brown or olive-green powder. This oxide is 
stable in air, but when heated at about 600 "^-7 00 ® in air it absorbs oxygen, 
and forms an oxide corresponding with cobalto-cobaltic oxide, C03O4, 
This in turn forms cobaltous oxide at about 970 °. When heated in hydro- 
gen or carbon monoxide, the cobalt oxides are reduced to metallic cobalt. 
Both the oxide and the hydroxide dissolve in acids, forming cobaltous salts, 

Nickelous oxide, NiO. — ^^¥hen potassium hydroxide is added to a solu- 
tion of a nickel salt, a pale green precipitate of nickelous hydroxide, 
Ni{OH)2 — ^approximately 4Ni(0H)2.H20— separates. Unlike ferrous and 
cobaltous hydroxides, this precipitate does not oxidize on exposure to the 
air. It dissolves in ammonia and ammonium salts, forming ammines, 
and, unlike the corresponding cobaltous compound, the solution does not 
absorb oxygen from the air. If the hydroxide or carbonate of nickel be 
heated out of contact with air, a greenish powder of nickel oxide, NiO, is 
formed. The heat of formation is 51*5 Cals. It has been reported that a 
nickel suboxxde, Ni^O, is formed when nickelous oxide is fractionally 
reduced by hydrogen. This has not been confirmed. Nickelous oxide 
when heated in air forms nickel sesquioxide, NigOg. Both the oxide 
and hydroxide dissolve in acids, forming nickelous salts. 

§ 9 . Iron, Cobalt, and Nickel Sesquioxides. 

A voluminous reddish-brown precipitate of ferric hydroxide, Fe{OH)3, 
is formed when ammonia is added to a solution of a ferric salt. As in the 
case of aluminium hydroxide, Al{OH)3, is some doubt whether a real 
hydroxide is formed. Sever^ hydrated hydroxides are said to have been 
obtained by drying the precipitate at different temperatures, or by pre- 
cipitating the hydroxide under special conditions ; but the.se have not 
been proved to be true chemical individuals. Some of the hydrates 
occur in nature. For. instance, Umonite has a composition corresponding 
very nearly with 2Fe203.3H20; gothitey FeO(OH) or FegOg.HgO, iso- 
morphous with diaspora and manganite. For “ dialyzed iron,’’ that is, a 
hydrosol of iron oxide, see p, 299 . Ferric hydroxide is a very weak base, 
and the ferric salts are hydrolys^ in aqueous solution. The ferric oxide 
FcgOg occurs in nature as spscujar iron ore^ which crystallizes in lustrous 
black c^stais belonging to the hexagonal system j and in reddish masses of 
hmmatUe isomorphous with corundum. Ferric oxide is a reddish-brown 
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powder formed when ferrous sulphate, or carbonate, or hydroxide, or many 
organic salts of iron are calcined in air. It is stable at a red heat, but at 
temperature above about 1300® it decomposes into FegO^. The dissocia- 
tion pressure at 1350® is nearly equal to that of oxygen in the atmosphere. 
Molten ferrous oxide in an atmosphere of oxygen freezes between 1562® and 
1565®, forming ruby-red rhombohedrai scales with a steel-like lustre, and 
a specific gravity 5T87 to 5T93. The powdered ferric oxide formed as just 
described is used as jeweller’s polishing powder — rouge — and as a pigment. 
The particular tint of the pigment depends upon the temperature of cal- 
cination, which, in ten, appears to determine the size of the grains of the 
ferric oxide. Both ferric oxide and the hydroxide are basic, and give 
rise to ferric salts when heated with acids. Some of the native oxides, 
and the oxide which has been heated to a high temperature, dissolve in 
acids but slowly, 

Nickelic oxide, NigOs. — This oxide is said to be formed as a black powder 
when nickel nitrate or carbonate is ignited in air at a low temperature ; 
but the oxides of nickel which have been described as NigOg and ^364 
are usually regarded as mixtures of MOg- and MO. Nickelic hydroxide, 
M{ 0 H) 3 , is precipitated when chlorine is passed through water or alkaline 
hydroxide in which nickelic oxide is suspended ; and also when a nickel 
salt is treated with a solution of bleaching powder. Mckeh'c oxide and 
hydroxide do not appear to be basic oxides, -for when treated with acids, 
nickeloi ^5 salts and oxygen or its equivalent are obtained : Thus MgOg -f 
6 HCI -= 2 MCI 2 + SHgO + CI 2 ; and 2 M 2 O 3 + 4 H 2 SO 4 = 4 MSO 4 + 
4 H 2 O + Og. Hence nickelic oxide is a basic peroxide like manganese 
dioxide. Wlien nickelic oxide reacts with ammonia, nitrogen is evolved 
and nickelous hydroxide is at the same time precipitated : MgOg -f 2 NH 3 
-f* O 2 - 2Ni{OH)2 + HgO + Ng. 

Cobaltic oxide, CogOg. — Cobaltic oxide is obtained by heating cobaltous 
nitrate or carbonate in air. It is a dark grey or brownish-black powder 
which forms an oxide corresponding with cobalto-cobaltic oxide, O 03 O 4 , 
when heated between the dissociation temperature 373° (760 mm.) and 
about 700°. Cobaltic hydroxide, Co(OH) 3 , is formed as a black precipitate 
when a cobaltous salt is treated with alkaline hypochlorite. Both the 
oxide and the hydroxide dissolve in acids, forming brown solutions which 
contain unstable cobaltic salts; these salts decompose when warmed, 
forming cobaltous salts and oxygen or its equivalent. Hence cobaltic 
oxide behaves as a feebly basic oxide and as a peroxide like nickelic oxide 
and manganese dioxide. 

§ 10. The Higher Oxides of Iron, Cobalt, and Nickel. 

Ferrosoferric oxide, or ferrous ferrite, ^ 6304 . — This substance — com- 
monly called magnetite or magnetic oxide of iron — occurs free in nature in 
black octahedral crystals which are magnetio. It is the most stable oxide, 
and is formed when iron of iron oxides are heated in air or oxj^gen. Accord- 
ing to Moissan, there are two modifioations of ferrosoferric oxide : the one 
is formed by heating ferric oxide from 350° to 400° in a current of hydrogen 
or carbon monoxide ; and the other by reactions at a high temperature, 
e,g, the combustion of iron in oxygem : The former is attacked by nitric 
acid, and has a specific gravity of 4 * 86 ; the latter is not attacked by the 
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same acid, and has a specific gravity 5*0 to 5T. The phenomenon is thus 
analogous with the general effect of high temperatures on oxides like 
alumina, chromic oxide, ferric oxide, etc. Eerrosoferric oxide is not a 
basic oxide since it forms a mixture of ferric and ferrous salts when treated 
with acids. It is probably a ‘ ‘ compound ’ ’ oxide, analogous with mangano- 
manganic oxide, Mn304, and red lead, PbaO^. Molten ferrosoferric oxide 
freezes at 1527°, The relations of the iron oxides thus far considered will 
appear from the graphic formulae : 

TTp-O j, ,0— Fe=0 ^ .0— Fe=0 

Fe=0 0<j'e=0 ^®<0~Fe=0 Fe=0 

Ferrous oxide. Ferric oxide. Ferrosoferric oxide. Caicmm ferrite. 


^'-Fe=0 
Ferric oxide. 


Ferrosoferric oxide. 


According to this hypothesis, ferrosoferric oxide is a ferrous ferrite, 
Fe(FeO;>)2. Among other formula proposed for magnetite there is 

Fe<^>" ) 

or a polymer of this. S. H. Enimens (1892) suggested that the presence 
of the atoms of iron attached to iron explain the magnetic qualities. 
Several other ferrites are known corresponding with the unknown ferrous 
acid HFeOg. Thus calcium ferrite, Ca(Fe02)2» that is, CaO.FeaOg, is 
made by precipitating a neutral solution of ferric chloride with lime water. 
Copper and cobalt ferrites, like ferrous ferrite, are strongly magnetic. 
Zinc ferrite, Zn(Fe02)2j is made by heating a mixture of the component 
oxides, and it is also formed in the extraction of zinc. In the wet process, 
zinc and ferric oxides are jointly precipitated in a solution containing 
ammonium chloride. Franklinite is a zinc ferrite with part of the iron 
and zinc replaced by manganese, 

Cobalto-cobaltic oxide, C03O4, is formed in a similar way to ferroso- 
ferric oxide, and it has probably the same constitution. The pure oxide 
has probably not been made. The oxide calcined at 750° has a little less 
oxygen than that corresponding with C03O4, and that calcined at about 
1000° is virtually eobaltous oxide, CoO, a grey powder. There is some 
doubt about the existence of the corresponding nickelonickelic oxide, 
^364, although it is reported to have been formed when moist oxygen is 
passed over nickel chloride heated to about 400°. 

Dioxides. — ^Two probably isomeric nickel dioxides have been reported 
— a black dioxide is made by the action of bromine, or hypochlorites or 
hypobromites on nickelous hydroxide ; and a green one by the action of 
hydrogen peroxide on nickelous chloride in the cold, followed by treatment 
with alcoholic potash. The green oxide is remarkably like hydrogen 
dioxide in its chemical properties, and is different from the black oxide. 
Hence it has been suggested that the green oxide is a peroxide or super 
oxide with nickel bivalent ; and the black oxide is a dioxide or poly- 
oxide, nickel quadrivalent : 

Ni<g 

Black nickel dioxide. , dreen nickel dioxide. 

If nickel oxide be heated with barium carbonate in an electric furnace, a 
dark coloiired crystalline mass of barium nickelite, Ba0,2Ni02j is formed. 
Barium nickelite is decomposed by ; water. If bobalt hydroxide be 
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susxDonded in water, and then treated with hydrogen peroxide, the resulting 
liquid, after iiitration, is strongly acid, and it is supposed to contain 
cobaltous acid, HoCoOg. When a solution of cobalt sulphate is treated 
with iodine and so^um hydroxide, the resulting black precipitate has veiy 
nearly the composition CoOg — cobalt dioxide. A mixture of silver 
nitrate and potassium hydroxide can also be used as an oxidizing agent. 
The silver simultaneously precipitated is removed by washing the product 
with a solution of potassium permanganate and nitric acid. A green un- 
stable solution of potassium cobaltite, K2C0O3, is formed by the addition of 
potassium hydi’ogen carbonate, KHCO3, to the solution of cobaltous acid, 
and hydrogen peroxide, in the presence of sodium hydrocarbonate, gives an 
olive-green precipitate approximating to C0C0O2.C0CO3.H2O, and thus 
consists of cobalt carbonate and cobaltate ,* copper sulphate similarly 
treated gives GU2CUO4.CUCO3. 

Ferric acid and the ferrates. — ^When chlorine is passed through a con- 
centrated solution of potassium hydroxide in which ferric hydroxide is 
suspended, the solution assumes a purple colour, and a black powder of 
potassium ferrate, K2Fe04, separates. The reaction is usually represented : 
2Fe(OH)3 4 * lOKOH + SGia = 2K2Fe04 + 6KGi + SHgO. The black 
powder appears to be analogous with potassium manganate, KgMnOi, with 
potassium chromate, K2Gr04, and with potassium sulphate, K2SO4. The 
salt dissolves in water, forming a rose-red solution which, on crystallization, 
furnishes dark-red crystals isomorphous with potassium sulphate and 
chromate. Potassium ferrate is unstable and its solution readily decom- 
poses : iKgFeO^ -f lOHgO == 8KOH -h 4Fe(OH)3 -j- SOg. The barium 
salt, BaFe04, is a dark carmine-red and fairly stable. By analogy with 
the chromates and sulphates, it is inferred that the ferrates are derived 
from an unknovm ferric acid, H2Fe04 ; which in turn is derived from an 
unknown ferric anhydride, FeOg, analogous with sulphur and chromic 
trioxides, 

§ 11. Cobalt and Nickel. 

History. — ^The word kohalt ” occurs in the writings of B. Valentine 
and Paracelsus to denote a goblin supposed by the old Teutons and 
Scandinavians to haunt the mines, destroyed the work of the miners, and 
gave them a lot of unnecessary trouble. The word is derived from the 
German kohald, an evil spirit. The church service in some mining districts 
once included a prayer that God would preserve the miners and their work 
from kobalds and other evil spirits. The term was applied to what were 
called ' false ores,” that is, ores which did not give metals when treated 
by the processes then in vogue for the extraction of the metals ; and also 
to ores which had an objectionable smell. The term was gradually confined 
to the minerals used for colouring glass blue, and which are stiU used for 
making smalt. In 1735 Brandt stated that the blue colouring principle 
is due to the presence of a peculiar metal or semi-metai which he called 
“ cobalt rex,” hence our “ cobalt.” Brandt isolated the metal in 1742 . 

Nickel seems to have been known to the Chinese in early times. 
In Europe, towards the end of the 17 tli century, the German term 
kupfer-nkkel (false-copper) was applied to ^an ore which, while possessing 
the general appearance of a copper ore, yet gave no copper when treated 
by the general process then used for the extraction of copper. Never- 
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theiess the mineral was supposed to be an ore of copper, or a species of 
cobait or arsenic united ^vith copper. A. F. Cronsfcedt, 1751-1754, stated 
that kupfer« nickel contains a metal which gives a bro-wn, not a blue colour, 
with glass. Cronstedt’s views were not accepted generally until T. Berg- 
man had shown clearly that Cronstedt’s metal was a new element in an 
impure condition. Bergman’s arguments were mainly directed to con- 
trovert the view that nickel is a compound of cobalt, iron, arsenic, and 
copper, advocated by le Sage. He showed that nickel retains its indivi- 
duality ■when arsenic is absent, and when no signs of cobalt or copper 
can be detected in solutions of the metal. Bergman also tried iinsnccess- 
fully to make nickel synthetically from mixtures of the elements in question. 
He was unable to prepare the metal free from iron, and consequent^ was 
led to say “ tliere are indeed many and weighty reasons which induce us 
to think that nickel, cobalt, and manganese are perhaps to be considered 
in no other light than modifications of iron.” He then applied an argu- 
ment not unlike that employed by Da-vy in the case of chlorine, and w’hich 
is worth repeating : 

We must be carefully on our guard against such glimmering lights which are 
generally fallacious. So long as no one is able to produce these bodies from pure 
iron, and to explain in a clear and intelligible way the process by which man- 
ganese, cobalt, or nickel may at pleasure be generated, such vague suspicions 
must give way to phenomena which are constants and the substances themselves 
continue to be coxisidered of an origin altogether di.stinct and peculiar to themselves. 

Occurrence. — Cobalt and nickel are nearly always found associated 
with one another. Both elements occur free in some meteorites. Cobalt 
occurs as a minor constituent in some minerais. It also occurs combined 
as arsenide in rnialtite or cobalt speiss, C 0 AS 2 ; and as cohaltite or cobalt 
glance, CoAsS. Nickel occurs as hipfernickel or niccolite, NiAs ; milhrite^ 
or nickel blende, MS ; nickel glance, NiAsS ; and garnierite, a silicate of 
magnesium and nickel, (NiMg)S 2 Si 04 , found in New Caledonia. 

Preparation. — The cobalt ores are usually worked to get cobalt salts, 
and not the metal. The ores are first roasted to remove arsenic and 
sulphur. Tlie resulting oxides are digested with hydrochloric acid, and the 
solution treated with hydrogen sulphide to remove the copper, lead, anti- 
mony, etc. Bleaching powder is then added in just sufficient quantity to 
oxidize the iron, which is then precipitated by the addition of chalk. The 
clear solution is treated with more bleaching powder to precipitate the cobalt 
oxide ; any nickel which might be present is precipitated by the addition 
of mfik of lime. Cobalt metal is obtained by reducing the oxide in a 
current of hydrogen, or by reducing the oxide with aluminium powder 
as in Goldschmidt’s process for chromium, Fig. 187. 

Nickel and cobalt ores are treated by different methods depending 
upon the nature of the ore under treatment. Many ores are treated by 
a process similar to that described for the extraction of copper. The ore 
is ‘‘ Bessemerized ” in a converter, Fig* 158, so as to oxidize the iron, and 
furnish a matte rich in copper and hickel. This is roasted, and the result- 
ing oxides are reduced with coke. An alloy of copper and nickel is thus 
obtained. The two metals are separated by an electrolytic process. 

A nearly pure nickel is made by Mond’s process, which is based upon 
the formation of a readily volatile compound of nickel — ^nickel carbonyl, 
Ni(CO) 4 . The roasted ore (oxides) is heated in a reducing atmosphere to 
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about 300° so as to traiisfom tlie oxides to metal The resulting mixture 
is heated -with carbon monoxide under a pressure of about 15 atmospheres 
at a temperature of about 100° The vapoui’s of the escaping nickel 
oarbomd can be decomposed by heating the gas to 200° under atmospheric 
pressure. The escaping carbon monoxide is used again. 

Properties.— Cobalt and nickel are hard white metals, cobalt is slightly 
bluer than nickel Both metals are malleable and ducthe. A samx^lc of 
nickel of 99*84 per cent, purity melted at 1452°, and a sample of cobalt of 
99*95 per cent, purity at 1478°. Iron is strongly magnetic, cobalt and 
nickel are but feebly magnetic ; iron forms Fe 304 when heated with steam ; 
nickel and cobalt form the monoxides. Iron rusts in moist air, cobalt and 
nickel only oxidize very slightly unless heated in air. Dilute hydrochloric 
and sulphuiic acids dissolve cobalt and nickel slowly, whereas iron is 
rapidly dissolved by these acids. Cobalt and nickel are both attacked hj 
nitric acid, forming the corresponding nitrates — Co{N 03)3 and Ni(N 03 ) 2 . 

Alloys and Uses. — Nickel is much used for “ nickel plating ” other 
metals on account of its silvery appearance, and the fact that it does not 
readily tarnish in air. The nickel is deposited from a double sulphate 
of ammonium and nickel by a process similar to that used for “ silver and 
gold plating.’’ Iron can be deposited on copper — ^the so-called steel- 
platiTig — ^from a solution of ferrous and ammonium sulphates in the pro- 
portion of about 50:1. Nickel is used in making several important alloys : 

German silver is the trade-name for a series of white alloys consisting of 
a mixture of cop|)er, nickel, and other metals. The standard might be 
regarded as : copper 50 ; nickel 25 ; zinc 25 per cent. Additions of lead, 
tin, cadmium, and iron are used in different proportions to suit various 
uses to which the alloy may be put and to accentuate maybe hardness, 
duotilit^^ surface polish, electrical conductivity, etc. Naturally several 
other trade-names are used— silver, siheroid, argentoid, nickdvm^ 
etc. Manganin is an alloy used in making electrical resistances. It is a 
kind of German silver with manganese in place of zinc — e.g. manganese 12, 
co]pper 85, nickel 3. Nickel steel is hard and tough, and is used for part-s 
of maohineiy designed to withstand continuous wear and shocks, and in the 
manufacture of armour plates, burglar-proof safes, etc. A nickel steel 
containing about 35 per cent, of nickel has a very small coefficient of 
thermal expansion, and is consequently useful for making measuring 
instruments, pendulums, etc. It is called invar ; an alloy with about 
40 per cent, of nickel expands at about the same rate as glass, and hence 
it can be sealed into glass in the manufacture of incandescent electric 
lamps, etc. This alloy is called pMinite. Nickel coins contain about 
25 per cent, of nickel, and 75 per cent, of copper. An alloy of nickel 60, 
copper 33, is called monel metal It is said to be less liable to corrode 
than brass or bronze and nearty as strong as steel. An alloy containing 
80 to 95 per cent, of copper and 5 to 20 per cent, of a cobalt-tin (2 : 3) alloy 
is one of the so-called Twn-carrosive alloys because it rasists fairly well the 
attack by many acids which rapidly corrode copper. Finely divided 
nickel is used m a catalytic agent since, in the x>resence of hydrogen, it is 
able to reduce or hydrogenize many organic and inorganic compounds. 
Traces of sulphur or chlorine in the gas rapidly makes the nickel lose its 

activity. , ■ ' ' ■ ■ ■ t 

^ Cobalt oxides and silicates are used for colouring glass, and pottery 
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glazes, etc. Smalt is a glass made by fusing cobalt oxide and silica, and 
when ground it is used as a pigment, TMnard's blue is a blue pigment 
made by calcining a mixture of cobalt oxide with alumina or aluminium 
phosphate or arsenate. Thehard’s blue is usually regarded as a cobalt 
aluminatCi CoCAlOo)^ ; S'^d Rinmann’s green, as a cobalt zincate. The 
two colours, however, are developed with binary mixtures in very different 
proportions, and accordingly the colour can be regarded as a solid solution 
of, say, cobalt and zinc oxides, or of CoO.ZnO in an excess of one of the 
other oxides. Magnesia and cobalt oxide treated in the same way furnish 
a red colour. 

Atomic weights of cobalt and nickel.— The almost identical values 
lor the atomic weights of cobalt and nickel has attracted much, attention. 
Nickel oxalate, cyanide, sulphate, chloride, bromide, iodide, etc., have been 
investigated, and the result shows that the combining weight of nickel 
(oxygen = 16) lies somewhere between 58*03 and 58*95 ; and 58*68 is 
generally accepted as the best representative value. Similarly for cobalt 
the combining weight lies somewhere between 58*7 and 59*7 ,* and 58 •‘97 
is generally taken to be the best representative value. These numbers 
agree with the atomic weights estimated from the specific heats by Dulong 
and Petit’s approximation. 

§ 12. The Relationships of the Members of the Iron Family 

The object of a classification of chemical substances is the arrangement of 
them in such a way that the position in the system of each substance may 
express its own chemical nature and the relation in which it stands to other 
substances. 

The atomic weights of the iron, cobalt, and nickel group are not very 
different numerically. It is not at all uncommon to find that elements 
with but small differences in their atomic weights show marked differences 
in their physical and chemical properties. Eor example, boron, 11, and 
carbon, 12 ; potassium, 39*1 ; argon, 40 ; calcium, 40*1 ; selenium, 79*2 ; 
and bromine, 79*96 ; iodine, 126*97 ; tellurium, 127*6. The physical pro- 
perties of the iron, cobalt, and nickel family are summarized in the table : 


Table XXXIV, — Physical Pboperties of the Ibok Family, 


' _ : ___ 

Iron. 

Cobalt. 

Nickel. 

Atomic weight . 
Specific gravity . 
Atomic volume . 
Melting point 
Boiling point . 

; " y 

4 • 

■■■ , ■ ■ ; M. .. 

56*85 

7*8 

7*16 

1520*=^ 

2460^ 

58*97 

8*5 

6*94 

1490^ 

58*7 

8*8 

6*68 

1452® 

2450® 


The elements are usually associated together in nature ; they are all 
magnetic, nearly white, hard metals with a high melting point. Their 
chemical properties exhibit a gradual transition from iron to nickel. Iron 
forms two well-defined basic oxides, so does cobalt, but the basicity of the 
cobalt sesquioxide is so feeble that the corresponding salts are only known 
in solution — ^the double salts, however, are stable. Nickel gives only one 
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basic oxide — nickel monoxide — the sesquioxide does not appear to form 
salts, iklthongh the atomic weight of nickel is less than that of cobalt, 
the physical and chemical properties of the members of the family show 
a transition from iron to cobalt to nickel. This is not a common pheno- 
menon with the other family groups. It is common to find that in groups 
of related elements each member seems to afiect a particular state of 
oxidation or combination in which it is in a condition of maximum stability, 
or chemical repose, as W. A Tilden expresses it (1895), and to further 
emphasize the idea, he points out that the aluminic salts cannot be reduced 
to a lower state of oxidation ; chromic salts can be reduced with difficulty ; 
ferric salts are easily transformed to ferrous salts ; while the manganic 
salts can be reduced by mere heating. Ferric chloride is a stable salt ; 
cobaltic chloride is stable only in solution ; and nickelic chloride is un- 
knoTO. A series of polyiodides, MI2J2 or MI4, are known — ^where M stands 
for an atom of manganese, iron, cobalt, or nickel. The special property of 
cobalt in forming weU-defined ammiiies is worthy of note. 

When an element occurs in two or more states of oxidation as in ferric 
and ferrous iron, the compounds of each behave as if they were derived 
from two different elements, and the derivatives of each are related to two 
totally different families of elements. Thus, the salts of tervalent or 
ferric iron are related to the salts of tervalent aluminimn and chromium ; 
while the salts of bivalent or ferrous iron are related to the magnesium or 
zinc compounds. In neither case does the element corresponding with 
these analogies — say aluminium in the one case and zinc in the other — 
bear any marked resemblance to metallic iron. Any theory of atomic 
structure must bring out the dual, or complex personality of the elements. 
The three elements are related to aluminium, manganese, and chromium 
through iron (ferrates, chromates, manganates, and the alums) ; to the 
zinc and magnesium family through ferrous iron ; and to copper through 
nickel. The isomorpiiic relationship of the elements iron, cobalt, nickel, 
aluminium, manganese, and chromium is not only emphasized by the 
crystalline form of many salts but also by their constant association in 
native minerals — e.g. the replacement of aluminium by iron in sihcates. 
Nontronite, Fe2O3.2SiO2.2H2O, and kaolinite, Ai2O3.2SiO2.2H2O, for 
instance, appear to be the terminal members of a series with all interme- 
diate proportions of ferric and aluminium oxide, and there are reasons 
for supposing chromic oxide can act in a similar way. The contrast 
of chromic iron ore, FeO.CraOg. with magnetic oxide of iron, FeO-FegOg, is 
also of interest. To emphasize the relation between copper and nickel, 
the general colour of their salts ; the solubility of the hydroxide in an 
excess of ammonia to form blue solutions ; the isomorphism of their two 
sulphates m spite of the fact that their ddble. forma are CUSO4.5H2O and 
NiS04.7H20 respectively. The two sulphates form mixed crystals such 
that if the'copper be in excess, both copper and nickel form pentahydrates, 
and if the nickel be in excess, heptahydrates. 

Questions. 

1. State the essential chemical difference between the Bessemer and the 
open-hearth processes for the production of steel. What changes are common 
to both processes ? What is the “ basic Bessemer process,” and why is it of 
importance ? — Polytechnic , 
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2. Give an account of the metal nickel, and contrast its properties with those 

of allied elements. — London Unm . 

3. Why should the limestone in the Bessemer and the Ihomas Gilchrist 
processes purify steel, when limestone is always present in the previous blast 
furnace process ? — Amherst OolU^ IJ.S,A, 

4. Write the equation for the action of potassium permanganate on ferrous 

sulphate and dilute sulphuric acid. . 

5. --(a) How would you make sodium chromate from, chromium sulphate 
(6) Show how you would change the product above into chromium sulphate and 
write the equation. — Amherst Coll*, U.S,A. 

6. How would you make (1) ferrous chloride from iron, (2) ferrous sulphide from 
ferrous chloride, (3) ferrous sulphate from ferrous sulphide^ (4) ferric hydroxide 
from ferrous sulphate ? Write the equations for the reactions after giving the 
descriptions of the processes and indicate the colour of the product in each easo.-— 
Sheffield Seientific School, UM.A, 

7. Describe briefly and explain the blast furnace process, giving the purpose 
of each ingredient of the charge. — Amherst Coll., Xj.S.A. 

8. What is the difference in composition between ^’tu'ought iron, cast iron, and 
steel ? — Sheffield Scientific School, XJ.S.A. 

9. How is ferrous chloride converted into ferric chloride ? How is ferric 
chloride changed to ferrous cliloride ? — Sheffi-eld Scientific School, XJ.S.A. 

10. What is the difference between a blast furnace and a reverberatory furnace, 
and -what is the chief use of each ? What is meant by a “ flux,” and what is 
one of the most commonly employed substances of this class ? — Prmceton XJniv,, 
V.S.A. 

1 1. What is the difference in chemical composition betw''een cast iron, wrought 
iron, and steel ? How and under what conditions do the followingl substances 
act upon iron ; Water, copper sulphate, sulphuric acid, aqua regia, chlorine ? — 
London XJniv. 

12. Describe exactly how you would prepare ferrous sulphate and ferric 
chloride from metallic iron, and also how you would prepare ferrous phosphate 
from the first, and ferric oxide from the second of these salts ; state the appearance 
of each product. — London XJniv* 

13. What are the chief sources of nickel ? How can nickel be obtained free 
from cobalt ? For wdiat purpose does nickel find employment in the arts I 
By what properties are nickel compoimds distinguished from those of cobalt ? 
— Board of Educ. 

14. What are, most probably, the highest states of oxidation of chlorine, 
chromium, iodine, and iron ? Give an accoimt of the experimental evidence in 
favour of the views you support, — Board of Educ. 

15. What propoirion of carbon is necessary in mild steel and hard steel re- 
spectively ? and what views are now held as to the condition in which carbon 
exists as steel ? — Board of Educ. 

16. Would the following equation represent correctly the formation of potas- 
sium ferrate from ferrous hydroxide when the latter is suspended in a solution of 
potassium hydroxide, and chlorine afterwax'ds passed into the solution : Fe(OH )2 

2ICOH 4- 2Cla “ K 2 Fe 04 + 4HCI ? What objections can be urged against 
the equation as describing the formation of potassium ferrate in this way — R. 
Galloway. 

17. What is meant by the statement that the combining weight of hydrogen 

is 1, that of oxygen, 8, and that of iron 28 ? How are these values arrived at 
Why is the combining weight doubled to give the atomic weight of either oxygen 
or iron ? — Board of Educ. ^ 

18. Describe, with all essential practical details, the preparation of pure 
specimens of the following salts : — (a) ferrous sulphate from iron pyrites, (5) 
mercuric chloride from cinnabar, (c) barium nitrate from barium chloride. — 
Board of Educ. 

19. What are white, blue, and green vitriols ? Why does ferrous sulphate 
become brown on exposure to air ? 

20. A 6 per cent, aqueous solution of ammonium nickel sulphate, (NH 4)2 

SO^.NiSO^.OHgO, is employed for the electro -deposition of nickel. How much 
pure nickel, 30 per cent, sidphuric acid, pure ammonium sulphate, and water are 
theoretically needed for making 12 kgrms. of solution. — G. Bomemann, Stoichio* 
metric, Leipzig, 1909. . .. 


CHAPTER XXVn 



The Oxygen Compoxtnds of Niteogen 


§ 1. Sodium and Potassium Nitrates. 

Potassium and sodium nitrate arc two important salts. The former is 
also called ‘‘ nitre and saltpetre.’’ The word ‘‘ nitre ” is derived 
from the Arabic nitrwm or Tiairam, thence the Greek words nitron or natron^ 
meaning “ soda,” while saltpetre is a corruption of the Latin sal petrce — 
“ salt of the rock,” The salt designated by these two terms is very 
different from rock salt, and from soda. Hence, in one of Solomon’s 
sharpest proverbs (Prov. xxv. 20), the reference to the commotion wdiich 
ensues on mixing vinegar with nitre shows that what we call sodium 
carbonate was in the wTiter’s mind. Sodium nitrate is often called 
“ soda nitre ” or Chih saltpetre,” to distinguish it from potash nitre ” 
or “ saltpetre ” proper. Nitre was probably known in India and China 
before the Christian era. 

Crystallization of the two nitrates, — ^Potassium nitrate forms 
hexagonal prisms (rhombic system), and sodium nitrate rhombohedral 


Pig. 196 ,—Potassium Nitrate (left) and Sodium Nitrate (right) Crystals, 

(trigonal system) crystals. The crystals are illustrated in Pig. 196, where 
the salts have been crystallized on a slip of glass and photographed 
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under the microscope. Ideal crystals are illustrated by the outline 
drawings. The form of the crystals of sodium nitrate explains why it is 
sometimes called cubic nitre. It is really interesting to w'atch the crystal- 
lization of a drop of warm, slightly supersaturated solution of potassium 
nitrate on a glass slip under the microscope. Crystallization starts at 
the edges. Here rhombohedral crystalline plates (left, Fig, 196), which are 
not really isomorphous with the crystals of sodium nitrate (right, Fig, 196), 
are first formed, although a mixture of the two salts is formed ; these are 
quioldy followed by needle-like rhombic (trigonal) crystals resembling 
calcite. As a matter of fact, both forms of crystals appear in the photo- 
graph (left. Fig. 196). Immediately the rhombohedral crystals touch the 
rhombic crystals, the latter lose their sharp outlines, and needle-like 
rhombohedra sprout forth on all sides. Hence, ^potassium nitrate is 
dimorphous. The rhombic crystals are unstable above, and stable below 
129°; and conversely, the rhombohedral crystals are stable above, and 
unstable below 127°. Hence, 129° is a transition temperature ; 

■«. 129 ^ -> 

Potas. Potas. nitrate^hombohedral 

Both potassium and sodium nitrates are soluble in water; and, 
although sodium nitrate is more soluble than potassium nitrate at ordinary 

temperatures, the reverse is true at 
100°. This is illustrated by the solu- 
bility curves — ^Fig. 197 — (grams of salt 
per 100 grams of solvent) from 0° to 
100°. The solubilities of the nitrates 
of the alkali metals and ammonium 
nitrate, expressed in grams per 100 
grams of solution at 20° : 

Os Bb K NH 4 Na Li 

18-7 34*6 24-0 65*8 46*7 41*2 

Sodium nitrate is somewhat ^ delique- 
scent, that is, it becomes damp on 
exposure to the air, and it cannot, there- 
fore, be used for some purposes for 
which potassium nitrate is applicable. Potassium nitrate does not deli- 
quesce under the same conditions. Ammonium nitrate is now prefeiTed 
to the potassium salt for some types of gunpowder because it is cleaner and 
leaves no residue. The minimum vapour pressure of water at 20° which 
causes the dehquesoence of ammonium nitrate is between 8*5 and 10*8 mm, ; 
of sodium nitrate, between 12*3 and 13*5 mm. ; and of potassium nitrate, 
between 15*5 and 16*5 mm. The vapour pressure of water alone at this 
temperature is 17*4 mm. Sodium nitrate is much cheaper and more 
plentiful than the potassium salt. Sodium nitrate is used in the manu- 
facture of fertilizers ; and of sulphuric acid, nitric acid, potassium nitrate, 
sodium arsenate, fireworks, glass, etc. ; in curing meat ; etc. 

The occurrence of sodium nitrate. — ^Large quantities of sodium 
nitrate occur in the Argentine, California, and principally in the rainless 
zone on the West Coast of South America — ^Peru, Bolivia, Chili. The salt 
occurs in large fiat basins between the ridges on the Tarapacca plateau. 



Fig. 197. — Solubility Curves of 
Sodium and Potassium Nitrates, 
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Pig. 198 represents a diagrammatic cross section through a nitre basin ” 
which will give a rough idea how soda nitre occurs : There is first a 2 or 3 
inch surface layer of grey sand and pebbles. The surface itself is almost 
devoid of vegetation. Below the surface is a 1 to 5 ft. layer of similar 
material cemented together with clay and salt and sodium nitrate. This 
stuff is called by the natives “ costra.” Below the costra ” is a white 
stratum of massive nitre- 

which is called by the natives 

iiche is a layer of sodium 

cWoride, etc., resembling Fio. igs.-Geologieal Section of Witre Bed 
costra ; a layer of clay and (Diagrammatic), 

loam ; and finally the bed 

rock of shale, or limestone, or otner rock which may be there outcropped. 
Costra is a kind of low-grade nitre rock or caliche running 5 to 12 per 
cent, sodium nitrate which does not pay to work ; the caliche runs 18 to 
25 per cent., and in exceptional cases 50 or 60 per cent, sodium nitrate — 
the average runs 20 to 30 per cent. The deposits are close to the surface, 
and naturally vary a little in different places. 

The extraction of sodium nitrate. — ^The caliche is mined by boring 
down to the lowest stratum. The bore is enlarged and charged with 
blasting powder. The explosion breaks up the nitre bed witMn a 50 ft. 
radius of the explosion. The caliche is sorted out and transported to 
the leaching worlcs. The caliche is extracted with water, and the solution 
is recrystaliized so as to separate the sodium nitrate from the accompanying 
impurities — sodium chloride, sodium and calcium sulphates, sodium 
iodate, sodium perchlorate, insoluble matter, etc. Commercial Chili 
saltpetre contains from 95 to 98 per cent, of sodium nitrate. The sodium 
iodate which accumulates in the mother liquid is used for the manufacture 
of iodine. Nearly 2J- million tons of soda nitre ” were exported from 
Chili in 191 L 

The conversion of sodium nitrate into potassium nitrate. — The 
Chili saltpetre is dissolved in about 1|* times its weight of boiling water, 
and a solution of sylvine — ^potassium chloride, from the Stassfurt deposits 
— ^in three times its weight of water, is poured into the sodium nitrate 
solution. Sodium chloride at once separates as a fine granular precipi- 
tate : Kd -f- NaNO^ ^ NaCl -f KNO3. The crystals are removed, and 
the mother liquid is evaporated to about half its original volume, and the 
sodium chloride again removed. The sodium chloride is washed with water 
to recover some of the potassium nitrate removed with the crystals, and 
the washings used for dissolving more of the raw material. The mother 
liquid is further concentrated by evaporation. Crude nitre crystallizes 
from the solution. This is purified by reoiystallization from boiling water, 
which is stirred while cooling so that the nitre crystals may he small and 
granular — “ nitre meal.” The crystals are dried and packed in sacks for 
transport. The potash nitre still holds about half per cent, of sodium 
chloride. The by-product — ^pickling salt — ^is preferred to ordinary salt 
for pickling meat, probably because of the quantity of nitre it still 
contains. 
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§ 2 . Nitre Plantations. 

The earth is one of Nature’s vast laboratories in which microscoj>ic organising 
perform incredible experiments. — ^A non. 

The origin of the nitre beds is not known. It is generally agreed that 
the nitrogen is of organic origin — animal or vegetable. Since immense 
deposits of guano have been found on some of the islands of! the coast of 
Peru — e,g. the Chincha Islands — it has been suggested that the nitrogen 
is derived from the guano. If so, it is not clear where the phosphates 
have gone, sine© there is practically no calcium phosphates in the nitre 
beds. Of course, the soluble nitrates may have been leached from decayed 
guano in some other locality and deposited in their present form. But 
the problem of the origin of the deposits has not been satisfactorily 
solved. 

When organic matter decays, say, in the soil of cattle yards and stables, 
ammonia and ammonium compounds are produced by the action of certain 
bacteria. If the soil be fairly dry, but not too dry, a white scum appears on 
the exposed surface. The scum is made up of small crystals of potassium 
nitrate ; and, after a time, if the soil be extracted with water, and strained, 
the liquid, on evaporation, furnishes yellowish-brown crystals of crude 
nitre. The crude nitre can be purified by re-solution and crystallization. 
The whiteP efiiorescence sometimes seen on the walls of stables, etc. is 
sometimes, not always, due to the formation of nitrates in this way. 

The first stage in the decomposition of the organic matter is due to the 
action of certain bacteria. Ammonia and ammonium compounds are 
formed along with other gases which produce the characteristic odour 
of putrefaction. The next stage in the process of decomposition is due 
to the action of a special bacterium — ^the nitrous ferment — ^which converts 
the ammonia into nitrous acid : 2NH3 -f SOg = 2H2O + 2HNO2. 
Another bacterium — ^the nitric ferment — transforms the nitrous into nitric 
acid : 2HNO2 + Og = 2HNO3. The two last-named varieties were 
isolated by Winogradsky in 1891 , By the agency of these three types of 
bacteria, the soil is constantly receiving fresh supplies of nitrates neces- 
sary for the growth of plants, and derived from the decomposition of 
the organic matter present in the soil.^ The free acids are not really 
present in the soil because the alkalies or alkaline earths present interact 
with the acids producing the nitrates and nitrites. It is owing to these 
reactions that water, contaminated by drainage from surface soil, contains 
nitrates. 

During the Napoleonic wars, France had great difficulty in procuring 
sufficient nitre for the manufacture of gunpowder. This led to the con- 
struction of nitre beds in various parts of the country. But when the 
IVench ports were thrown open, after these wars, the manufacture of 
nitre, in France, was abandoned because it could be imported more 
cheaply from India. The process is still used in a few localities — ejj, 
Sweden. Soil rich in humus, dung, or animal offal is piled into heaps with 
the debris from buildings, or with lime, or wood ashes. The heaps are 
protected from rain by sheds, A system of gutters or pipes may also 

1 Of course, as indicated shortly, nitrates occur in rain-water derived from 
the direct oxidation of nitrogen by ©leotric discharges — lightning, etc. 
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distribute tiie liquid excretions of animals over the top of the heap. The 
piled mass is called a nitre plantation. Before long a white film of nitre 
grows ” on the windward face of the pile. This is scraped oS regularly, 
and leached as indicated above. If lime be present, the resulting calcium 
nitrate is converted into potassium nitrate by the addition of wood 
ashes — ^potassium carbonate : Ga(N03)2 + KgCOg ™ 2KNO3 -f- CaCOg. 

The nitre is then purified by recrystallization. 

In the hot dry countries of the Esbst, India, Persia, Arabia, etc., parti- 
cularly in the neighbourhood of villages where urine and other organic 
matters find their w^'ay into the soil owing to imperfect systems of “ sewage 
disposal,” the jprocess of nitrification goes on rapidly. The soil is ex- 
tracted with water every few years, and the nitrates, chiefly calcium and 
potassium nitrate, are extracted as indicated above. The product from 
the soil in the Valley of the Ganges (Bengal) is called Bengal saltpetre^ 
it is principally potassium nitrate. If calcium nitrate be present, potas- 
sium carbonate is added to the aqueous extract from the soil so that 
calcium carbonate may be precipitated, and potassium nitrate remain 
in solution. 

§ 3. The Nitrogen Cycle. 

Nitrogen is indispensable to life. Neither animals nor ordinary plants possess 
the faculty of taking it directly from the air. Here certain families of 
micro-organisms come to the rescue. Their obscure but highly efficacious 
life’s work consists in preparing nitrogen for assimilation by plants, which, 
in their turn, get it into proper shape for the supply of animal necessities. 
. . . The chain of evidence is nowhere broken j its links, though distinct, 
are inseparable. At the very bottom we meet an army of invisible creatures 
endowed, for the benefit of others, with special facilities. Unsuccoured 
by them, plants must starve as surely as animals would starve in a world 
destitute of plants. So the highest standeth not without the lowest, — 
A,nok. 

All living matter and the waste products of animals contain con- 
siderable quantities of combined nitrogen. It is a necessary constituent 
for the growth of living organisms. During the decay of organic matter 
through the agency of bacteria, part of the nitrogen finds its way back 
to the atmosphere, and part passes directly into the soil to be absorbed 
by plants. Animals cannot assimilate free nitrogen, and they are accord- 
ingly dependent upon the plants for their supply. Plants in light trans- 
form inorganic compounds into complex organic products surcharged with 
energy and which are necessary for the life of higher animals. Plants thus 
form a permanent link between the inorganic and the animal kingdoms. 
Plants cannot usually obtain their nitrogen direct from the atmosphere. 
Most plants get their nitrogen from the soil where it is present in the form 
of nitrates, ammonium salts, or other complex compounds. The organic 
matter in the soil is attacked by bacteria of various kinds, and part is 
converted into nitrates and part into free nitrogen. A certain amount is 
brought back from the atmosphere, during a rain storm, where it has been 
oxidized into ammonium nitrate by,, electric discharges— this more 
particularly in the polar regions. Thc^e supplies of available nitrogen, 
however, do not suffice to maintain the fertility of cultivated soils. It is 
therefore necessary to make good the cofistant draining of the available 
nitrogen by the cultivated plants. This is done by allowing nitrogenous 
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organic matter — manures — ^to decay on the soil, or to add a mixture- 
fertilizer — containing available nitrogen. 

In 1853 G. ViHe noticed that while most plants reduce the available 
nitrogen in soils, some plants, principally the 
i;; leguminosse — peas, beans, clover, lupins, etc.— 

i enrich the soil so that more available nitrogen 

^ is present after a crop has been removed than 
before. In 1886 H. Hell showed that certain 
leguminosse appear to live in a kind of partner- 
— symbiosis (from the Greek ovv {sjxi), with; 
(biosis), living) — with certain bacteria — e.gf. 
s nS hacterium radicula. The bacteria appear to 

• f ^ guests in nodules on the rootlets of their 

‘ ^ probably also in the neighbouring soil. 

T ^ The nodules on the rootlets of a Pkaseolm (bean) 

^ ^ are illustrated in Fig. 199. The symbiotic bacteria 

Fig. 199 — Nodules on convert the nitrogen of the atmosphere into a form 
Root of Bean Plant, available as food for the plant on which they live. 

The processes concerned in the circulation of 
nitrogen in nature involve an eternal round of life and death, growth and 
decay ; these can be summarized in the scheme : 

Ammoniacal ferment, nitrates, 


Death and decay 


Living plants — > animals 


f Fixed by eleotrioal) (Free atmo-'> 

j discharge, or symof ^ j spheric 

'biotic bacteria ( nitrogen 3 

The idea has been expressed in a more romantic way. To-day a 
nitrogen atom may be throbbing in the cells of the meadow grass ; to- 
morrow it may be pulsating through the tissues of a living animal The 
nitrogen atom afterwards may rise from decaying animal refuse, and 
stream to the upper regions of the atmosphere where it may be yoked 
with oxygen in a flash of lightning and return as plant food to the soil 
in a torrent of rain ; or it may be directly absorbed from the atmosphere 
by the soil, and there rendered available for plant food by the action of 
symbiotic bacteria. Thus each nitrogen atom has doubtless undergone a 
never-ceasing cycle of changes through countless aeons of time. 


§ 4. The Fixation of Atmospheric Nitrogen. 

The fixation of nitrogen is vital to the progress of civilized humanity, and 
unless we can class it among the certainties to come, the great Caucasian 
race will cease to be foremost in the world, and will be squeezed out of 
existence by the races to whom wheaten bread is not the staff of life. — 

The fertility of cultivated fields and gardens is dependent upon the 
amount of combined nitrogen added as manure or fertilizer. Of course, 
cultivated plants require fertilizers containing other elements — parti- 
cularly phosphorus, and potassium — ^but nitrogen is the most expensive. 
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The development of agricuJtnre is largely dependent upon the cheap 
production of available nitrogen, and the cultivation of wheat, the staple 
food of the European races, is largely dependent on nitrogenous manures. 
The present supplies of nitrogen are mainly derived from (1) coal beds (gas- 
works, vide p. 873) ; (2) Chilian deposits ; (3) nitre plantations and animal 
excrementa; (4) atmospheric nitrogen — vide supra; and (5) artificial 
methods of combining nitrogen with oxygen or hydrogen. According to 
a Report of a Commission of the Chilian Government in 1909, their nitre 
beds contained at least 250 million tons of caliche, containing over lo per 
cent, of nitre, yet the consumption is so great— between two and three 
million tons per annum in 1912 — ^that it was predicted the beds would be 
exhausted in less than a century. Most of the sodium nitrate is employed 
as a fertilizer for wheat, etc. Since the comparatively small store available 
promises soon to be deplenished, it obviously became necessary to exploit 
other means of supplying farmers with the fertilizers they require. The 
nitre plantations do not give a large enough }deld. F. Nobbe and 
L. Hiltner, in 1896, sold cultures of the “ nitrogen-fixing ’’ bacteria under 
the name “ nitragen ” for inoculating the soil. The results have been only 
fair for certain crops when peptones and glucose were added to the 
water in which the nitrifying bacteria are distributed for spreading on 
the soil. 

There are at present three good methods for the conversion, or 
fixation ” of atmospheric nitrogen in a form available for plant food, 
(1) By heating a mixture of carbon with an alkali or alkaline earth base, 
t>r by heating calcium carbide in dry nitrogen whereby it is converted into 
calcium cyanamide {q,v,) ; (2) the direct synthesis of ammonia from its 
elements (q.v ,) ; and (3) the direct oxidation of atmospheric nitrogen and 
absorption of the resulting oxides in water or alkaline solutions. It might 
be added that (4) the bacterial process (p. 616) ; and (5) the action of 
water on nitrides (p. 649) are not so promising. 

Combustion process for oxidizing atmospheric nitrogen. — ^Near 
the end of the 18th century de Saussure showed that in all combustions a 
little atmospheric nitrogen is entrapped in the oxidation, and nitrogen 
oxides are accordingly formed. R. Bunsen also noticed the production 
of nitrogen oxides in his process for the analysis of gases, and M. Berthelot 
determined the amount of nitric acid formed when combustions are con- 
ducted in his bomb calorimeter with oxygen contaminated with nitrogen. 
The mechanism of the oxidation of nitrogen probably resembles that 
which occurs in the electric arc, vide infra. The excess of oxygen always 
present results in the formation of nitric acid. In Hoeiisser’s process for 
making nitric acid, ordinary coal gas or coke-oven gas is detonated with 
an excess of air or of air mixed with oxygen in a bomb under pressure 
(5 atmospheres). The gases are rapidly cooled immediately after the 
explosion. In the continuous apparatus of Hoeiisser, fifteen explosions 
are produced per minute. In O. Bender’s process the natural gas (CH4, 
99'0 per cent. ; Hg, 0*4 ; Ng, 0*6) of the gas-fields in Transylvania is burnt 
in burners of the Bunsen type under pressure. 

Electricprocess for oxidizing atmospheric nitrogen. — ^J.Priestley ( 1775) 
first noticed that an acid is formed when electric sparks are sent through 
the air, but he seems to have thought that the acidity was due to carbonic 
acid. H. Cavendish (1785) proved that the product of the action is nitric 
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Fia, 200. — Cavendish’s Experiment. 


fill electric are. With the ordinary ‘‘ arc flame ’’ the hot space is relatively 
small and the conditions for rapid cooling are bad. With intermittent 
sparking or arcing, the conditions for rapid cooling are better. The are 
is spread out by a magnetic fleld, and accordingly the air in the arc is very 
hot ; but just outside the arc the air is comparatively cold, so that the 
nitrogen oxides formed in the arc are rapidly cooled just outside the arc* 
Hence, when air is heated in the electric arc in order to oxidize the nitrogenj 
short thick arcs are to be avoided. Siemens and Halske (1902) burnt the 
nitrogen by passing air through a chamber containing an electric arc spread 

over as great a surface 


Fia. 201.— “Siemens and Halske’s Experiment. 


Temperature , . . 1811® 2033® 2195® 3000® 3200® 

Kitrio oxide . . . 0*37 0*64 0*997 4*5 5*00 per cent. 

The reaction -s very rapid. A few seconds suffice for the system to 
assume equilibrium. Hence if the reaction is not to be reversed, owing 


acid ; while M. Berthelot showed that nitric oxide, NO, is an intermediate 
product. In Cavendish's experiment the air was confined over mercury 
in the bend of a A-shaped tube. The open ends of the tube dijiped under 
mercury contained in separate glasses (Fig. 200). A series of sparks was 
sent from an electrical machine through the air confined in the tube. 
After the action, the gas turned blue litmus red, gave a turbidity with lime 

water, was absorbed by potassium 
hydroxide, etc. In fine the product 
oi'the'vactibh' of ::potassimm' hydroxide' 
upon the air after sparking was nitre, 
Z, Lefebvre obtained a patent in 
1859 for making nitric acid by passing 
electric'Bparksthroughair': and' absorb-' 
ing the gases in alliali bases ; but 
the process does not appear to have 
been very successful. W. Crookes 
(1892) showed that air can be burned 
to nitric and nitrous acids in a power- 
With the ordinary ‘‘ arc flame ’’ the hot space is relatively 

With intermittent 
The :''arc:''' 


as possible by means of 
an electro-magnet. Their 
apparatus is shown dia* 
grammatically in Fig. 
201 . 

The conditions of the 
reaction have been studied 
by W. Nernst (1906) and 
F. Haber (1907). Nitro- 
gen is so stable that 
instead of exhibiting a 
tendency to oxidize at ordinary temperatures, the nitrogen oxides tend 
to break down into their elements. As just indicated, nitric oxide is 
formed by the direct union of nitrogen and oxygen at high temperatures : 
Ng + O 2 = 2NO. The reaction is endothermal The higher the tempera- 
ture, the greater amount of nitric oxide formed when the system is in 
equilibrium. Thus, with a mixture of equal volumes of nitrogen and 
oxygen : 
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to the dissociation of nitric oxide, the system, after heating, must foe 
cooled very rapidly, as was the case with hydrogen peroxide and ozone. 
Experiment shows that the cooling of the gases to about 700° suffices to 
make the back action (dissociation of nitric oxide) negligibly small, and the 
nitric oxide below 620° oxidizes to nitrogen peroxide, NOg. 

There are several successful schemes for applying these facts commerci- 
ally to the fixation of atmospheric nitrogen. Birkeland and Eyde’s may 
be taken as typical. It is used in Norway, Other schemes are in use in 
the United States, Germany, Norway, Italy, etc. K. Birkeland and S. 
Eyde (1905) produce a high-voltage arc between two electrodes consisting 
of copper tubes through which a current of cold water is continually flowing. 
In order to spread the flame over as great an area as possible, an electro- 
magnet is placed at right angles to the electrodes so that the terminals lie 
between the poles of the magnet. The effect of the magnet is to spread the 
flame on one electrode until the current is reversed ; a new flame then starts 
on the opposite electrode. The current alternates every second, and 
the extreme rapidity of making and breaking 
the arc gives it the appearance of an intensely 
hot disc of flame — “ electric sun ” — 6 feet 
in diameter — Fig. 202, which presents a large 
surface to the air. The “ electric sun ” is 
enclosed in a special brick-lined furnace with 
a steel casing, and air is driven past both 
sides of the disc of flame. The gases are 
pumped off. The disc arc ” (1) offers a 
very large surface of contact to the air. 

This meauB that a relatively large per- 
centage of the nitrogen will be oxiffized to 
nitric oxide with a minimum consumption of current ; and (2) it allows 
the products of the reaction to be cooled rapidly so as to reduce the amount 
of nitric oxide dissociated during the cooling. The gases containing 
between 1 and 1 per cent, of nitric oxide, at a temperature of about 200°, 
enter the oxidation chamber where the nitric oxide combines directly with 
oxygen to form nitrogen peroxide, 2NO + Og = 2 NO 2 . The gases are 
then passed through a series of five absorption towers where they meet 
water, and milk of lime. The absorbed nitrogen oxides form calcium 
nitrate ; the solution is evaporated, and sold as fertilizer. The Norwegian 
saltpetre formed in Birkeland and Eyde’s process is almost anhydrous 
calcium nitrate. It contains nearly 13 per cent, of available nitrogen. 
In illustration of the growth of this industry, 115 tons were produced in 
Norway in 1905, and 9422 tons valued at £72,590 were produced in 1909 ; 
and 110,000 to 120,000 tons in 1913; and in 1920, the capacity of 
installed works was 363,800 tons per annum. 

§ 5. Nitric Acid-— Preparation. 

Molecular weight, HISIO 3 == 63*02. Melting point, — 47® ; boiling point, 86 ® 
at 760 mm. pressure. Specific gravity at 0®, 1*66. 

History. — Nitric acid was probably not known to the ancient Egyptians. 
Geber says that he made it by distilling copperas with saltpetre and alum ; 
and J. E. Glauber (1650) made it by distilling a mixture of nitre and 



Ftg. 202. — Electric Sun 
{ Diagrammatic). 



3Pig. 203.-~Freparatioii of Kitric Acid. are decomposed at 

the higher temperature. 

For the manufacture of nitric acid from ammonia, vide infra. 

The acid can be prepared in the laboratory by means of the apparatus 
illustrated in Mg; 203. This explains itself. All rubber and cork stoppers 
and connections must be avoided because the acid rapidly attacks organic 
matter. The retort is charged with the sodium nitrate and sulphuric # 
acid, and heated. Brownish-red fumes appear and the distillate is more or 
less coloured brown because of the solution of the red-coloured gas in 
the distillate. The brownish-red is a product of the decomposition 
of the nitric acid by heat. On a manufacturing scale, the sodium nitrate , 
and sulphuric acid are heated in cast-iron retorts ; the vapour is condensed 
in earthenware pipes cooled by water, and collected in earthenware Jars. 
The last jar is connected with a tower filled with coke down which a stream 


MODERN INORGANIC CHEMISTRY 


sulphuric acid. A. L. Lavoisier (1776) proved that nitric acid is a com- 
pound of oxygen, and H. Cavendish (1784,-85) demonstrated that it is 
formed by sparking nitrogen with moist oxygen. J, L. Gay-Lussao 
(1816) found the ratio of hydrogen; oxygen: nitrogen corresponded with 
H2O.N2O5. 

Preparation of nitric acid. — ^When potassium or sodium nitrate is 
mixed with dilute sulphuric acid, in the cold, no obtrusive sign of chemical 
action occurs, although it can be proved that a reversible change has taken 
place so that the sodium is distributed between the sulphuric and nitric 
acids, and the same mixture is ultimately obtained whether the original 
constituents are sulphuric acid and sodium nitrate, or nitric acid and sodium 
sulphate — ^the latter reaction being endothermal, the form.er exothermal 
If a mixture of concentrated sulphuric acid and sodium nitrate be heated to 
about 130°, nitric acid, HNO3, is volatilized. The reaction is represented ; 
NaNOg + H2SO ^ NaHS04 -f HNO3. The two salts sodium nitrate 
and sodium hydrogen sulphate are not volatile ; the nitric acid, HNO3, 
boils at 86° ; and the sulphuric acid at 330°. Hence on warming to about 
100°, much of the nitric acid is volatilized and the state of equilibrium 
of the sohxtion is disturbed ; in consequence, the sodium nitrate is all 
decomposed. If the oily liquid in the retort be cooled, a little unchanged 
sodium nitrate may be crystallized along with crystals of NaHS04.H2S04. 

If the temperature of 
the retort was 120°, 
the crystals in the re- 
tort are almost wholly 
sodium hydrosulphate, 
NaHS04 5 and at stiH 
higher temperatures 
normal sodium sul- 
phate is formed and 
jxence less sulphuric 
acid is needed for a 
given yield of nitric 
. acid^: '■2NaN0-3"l-H2S04: . 
= NagSO^ + 2HNO3. 
But appreciable quan- 
tities of the nitric acid 
are decomposed at 
the higher temperature. 
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of water trickles. The object is to recover the nitrogen peroxide produced 
by the decomposition of the nitric acid. The retort has an exit pipe from 
wdiich the sodium sulphate can be run when the action is over. To reduce 
the amount of nitrogen peroxide formed during the decomposition 
of the nitric acid by heat, the stills are often w'orked under a reduced 
pressure so that the acid may come off at as low a temperature as 
possible. , , 

Purification of nitric acid. — The nitric acid so obtained contains some 
chlorine and iodine derived from the chlorides and iodides associated with 
the nitre. Some sodium sulphate, sulphuric acid, and iron are also carried 
over into the receiver. Nitrogen peroxide is also present as indicated 
above. To ]3urify the acid, it is distilled in glass retorts, and the first 
fraction which come over is j)ut on one side as crude 
acid containing volatile chlorine compounds. Wlxeii 
the distillate gives no precipitate with a dilute solution 
of silver nitrate, the receiver is changed, and the greater 
part of the nitric acid is distiUed off. .The residue 
in the retort contains the sulphates, iodine and iron. 

The acid can b© redistilled 
from concentrated sulphuric acid 
to remove ail the w^ater ; and the 
nitrogen peroxide can be removed 
by passing a current of dry car- 
bon dioxide through the warm 
acid until it is colourless. The 
result is anhydrous nitric acid, 

HNO3. 

Fuming nitric acid is browm in 
colour; it is nitric acid with a 
considerable amount of nitrogen 
peroxide in solution. It can be 
made by distilling nitric acid wath a little starch. The starch reduces 
some of the nitric acid to nitrogen peroxide which is absorbed by the 
distillate. The fuming nitric acid of commerce contains 85 to 95 per cent. 
ofHNOg. 

Uses. — Nitric acid is one of the common acids. It is used as a solvent 
for metals, for etching designs upon copper; for the manufacture of 
nitrates used for photography [AgNOg] ; pyrotechny [Ba{N03)2, Sr{N03)2, 
etc.] ; calico printing [Pb(N03)o], etc. It is also used in the manufacture 
of dyestuffs, explosives, sulphuric acid, etc., and in metallurgy, etc. A 
carboy of the acid (sp. gr. 1*42) holds about 140 lbs. Commerical yellow^ 
fuming acid has about 47 per cent. HNOg, and the red fuming acid, 99*5 
per cent, of HNO3. Crude commerical acid of specific gravity 1*35 has 
J^about 55 per cent. HNOg by weight, and commercially pure acid can be 
purchased with from 60 to 98 per cent, of nitric acid by weight ; the acid 
with a specific gravity 1*4 has about 65 per cent, of HNO3. The chief 
impurities in commercial nitric acid are sulphuric and hydrochloric acids, 
iodine, nitrogen oxides, and arsenic. . The commerical acid sells at about 
3|d, per ib., and the |)ure at 4|<i. per lb. / 



Fig, 204. — Decomposition of Nitric 
Acid by Heat. 
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§ 6. The Properties of Nitric Acid. 

Nitric acid is a colourless mobile liquid which fumes strongly in air. 
It has a peculiar vSmell. The pure acid is hygroscopic and rapidly absorbs 
moisture from the air. It mixes in all proportions with water ; and, as 
in the case of sulphuric acid, nitric acid contracts when inixtxl with, water, 
and the mixture rises in temperature. The great contraction is said 
to correspond wth a mixture of acid and water in the Tnoleciilar propor- 
tions SHoO + HNO3. The j)ure acid boils at 86°, and freezes to a wliite 
solid, melting at —47°. An aqueous solution containing 68 per cent, of 
nitric acid boils at 120-5°, more concentrated solutions, and also more 
dilute solutions, boil at lower temperatures. A more dilute solution loses 
water on boiling, and a more concentrated solution loses acid on boiling 
until 68 per cent, of nitric acid of constant boiling point distils unchanged. 
This is the concentrated nitric acid of commerce. The specific gravity 
of the constant boiling acid at 15° is 1-414. 

Decomposition of nitric acid. — certain amount of acid is decomposed 
during the distillation : 4HNO3 == 4NO2 H- 2H2O + O^. This decom- 
position commences below 68°. At higher temperatures the decomposition 
is very marked. For instance, if the concentrated acid he allowed to fall 
drop by droj) into a quartz flask containing fragments of calcined pumice- 
stone heated in an apparatus fitted as shown in Fig. 206, the red vapours 
evolved can be condensed in a freezing mixture to a brownish liquid (NOg), 
and a colourless gas — oxygen— collects in the gas jar. Nitric acid vapour 
also decomposes when exposed to the light, nitrogen peroxide is formed 
which is absorbed by the acid giving it a ye'iiow colour. 

Hydrates of nitric acid. — F. W. Kiister and R. Kreinann’s (1904) 
freezing curve for mixtures of nitric acid and -water, Fig. 205, shows the 
existence of two hydrates : HNOg-SHgO and HNO3.H3O, see p. 525. The 

first-named hydrate separates in trans- 
parent crystals, melting at —18*2°; 
and the latter in opaque crystals 
melting at —38°. Another hydrate, 
HNO3.2H3O, is reported, but it does 
not appear to be stable under the 
conditions of this experiment. 

With the notation employed in 
discussing the periodic acids, the acid 
N{OH)g, should be called orthonitric 
acid ; NO(OH)q, mesonitric acid ; and 
N02(0H), metanitric acid; The last 
alone is known with any degree of pro- 
bability. The nitrates of inorganic 
chemistry are generally meta-salts. 
The hydrate HNO3.2H2O has been referred to orthonitric acid, and HNO3. 
HgO to mesonitric acid, but these compounds are not polybasic acids, and 
it is therefore doubtful if the hydrates of nitric acid can l)e intc^rpreted in 
this way. H. Erdmann cMmS td'.have isolated orthonitric acid by con- 
ducting dry air through nitric acid at —15°, and under reduced pressure 
the acid in question, HNO3.2H2O, or N(OH)5, crystallizes in long needles 
wliich melt at —35°, and are quite stable below — 15°* 



Fig. 


205. — Freezing Curves of 
Nitric Acid and Water. 
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Action on organic compounds.— Nitric acid is extremely corrosive, 
and when brought in contact witii the sMn causes X3aiufiil sores. The 
dilute acid stains the skin yellow or brown, probably owing to the forma- 
tion of xantiKyproteic acid. If strong nitric acid be ])ourGd on sa.wdust, 
the mass often bursts into flame. If a dish of fuming Jiitric acid be placed 
in a basin in the bottom of a glass cylinder, and a little turpentine be 
added from a pipette, the turpentine will burst into flame. Glowing 
charcoal continues to burn when plunged into the acid. With organic 
compounds, one or more hydrogen atoms are replaced by an equivalent 
NO.> radicle, and winter is formed. For instance, cellulose or cotton, 
becomes nitrocellulose or gun cotton, Cj2Hj403o(NOj>)<j ; 
glycerol, C3H5{OH)3, becomes nitrogiycerol, C8H5(0N02)3, which is the 
active agent in dynamite ; and phenol, GgH^OH, becomes picric acid, 
CfiH2(OH)(NOg)3, which is the active agent in melinite. 

Oxidizing action of nitric acid.— In consequence of the great propor- 
tion of oxygen in nitric acid, and in consequence of the ease with which it 
is decomposed, we should expect nitric acid to be a strong oxidizing agent. 
It is so. Sulphur is oxidized to sulphuric acid ; e.g. S + 2HNO3 “ H2SO4 
4 - 2NO ; and also phosphorus to phosphoric acid, iodine to iodic acid, 
arsenioiis oxide to arsenic oxide, antimony to aiitimonic oxide, ferrous to 
ferric salts, etc. Many metallic sulphides— iron, lead, etc. — are oxidized 
by nitric acid to sulphates : 2 FeS 2 + IOHNO 3 = Feo{S04)3 4~ H.,S04 
+ lONO + 4H2O. 

Aqua regia. — A mixture of hydrochloric and nitric acids — say, in the 
proportions o or 4 volumes of the former per one volume of the latter — 
will dissolve the metals gold and |)latinnm. Hence the alchemists term 
for this mixture, aqua regia — ^the kingly water — because it dissolves the 
very king of metals, gold. The mixture becomes coloured at about 10 ®, 
and it evolves gas at about 30 ° ; the action is quite vigorous about 90 °, 
and at 109 ° a mixture of nitric and hydrochloric acids distils over. The 
action of aqua regia on gold is sup];>osed to be due to the oxidation of 
the hydrochloric acid by the nitric acid whereby cMorine is formed, and 
this latter agent attacks the gold or platinum. Goldschmidt’s equation is : ' 
HNO3 -f 3 HC 1 2H2O 4 “ NOCl Gig, corresponding with the fact that 
some nitrosyl chloride — NOOI — is formed at the same time. I?}ie dis- 
solution of gold in aqua regia is represented: Au 4 - HNO3 4 ' 4 HOi — NO 
4- 2H2O -|- H AUCI4, and a mixture of nitric and hydrochloric acids in these 
proportions is considered to be the most economical for the purpose. The 
greater oxidizing properties of aqm regia over nitric acid are generally 
attributed to the presence of the free chlorine. The action on metallic 
sulphides, MS, is represented : 3 MS 4 " 6 HC 1 4 * 2HNO3 = 4H2O -f 2 NO 
4- 3M.CI2 4“ 38 . This equation is imperfect since th€u*e is no doubt that 
the reaction is much more complex. 

The 12 th-centoy Latin versions of the writings of the Arabian chemist 
Geber describe the preparation of aqua regia by distilling a mixture of 
nitre, salt, and sulphuric acid. During the process, much chlorine must 
have been given ofl, and the properties of the gas are such that it must have 
made its presence known. J. B. van Helmont,..?!- R. Glauber, and B. Boyle 
must also have had the gas under observation, but they did not make 
much of it. J. B. Glauber said that-^^hen spirit of salt acts on certain 
meMlie oxides, a gas the colour of Are is giyenotf , and it attacks all metals. 
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Action on the metals. — The purest acid does not attack carbonates, nor 
does it dissolve mercury, copper, silver, cadmium, but sodium takes fire in 
the acid. Most metals and the carbonates are vigorously attacked by 
ordinary nitric acid, and for this reason the old alchemists called it aqua 
Jortis — ^the strong water ; or aqua dissolutiva — the dissolving water. The 
acid does not attack the so-called noble metals, gold, platinum, rhodium, 
and iridium. Tin with the dilute acid gives tin nitrate, Sn(NO ^).;^ ; but 
with the concentrated acid it forms nitrogen peroxide, ISTOg, and probably 
Sn(]Sr03)4, wliich is immediately decomposed by the heat of the reaction, so 
that stannic oxide, SnOg, alone appears as the solid product of the action : 
Sn(N03)4 = SnO^ + 4NO2 + O2. With mercury, an excess of the acid 
produces mercuric nitrate*^ Hg(N03)2 ; and with an excess of mercury, 
mercurous nitrate, HgISIOg. The action of nitric acid on the metals 
generally is somewhat complex, because the main reaction is complicated 
by side or concuiTent, and by consecutive reactions. These again dej^end 
not only upon the i)arfcicular metal under consideration, but also on the 
purity and concentration of the acid, the temperature, and the concentra- 
tion of the products of the reaction accumulating in the solution. For 
instance, when dilute nitric acid acts upon copper, copper nitrate and a 
colourless gas, nitric oxide, are formed : 3Cu + 8HNO3 = 3Cu(N03)2 + 
4H2O “P 2NO ; but as the copper nitrate accumulates in the solution, 
nitrous oxide and even nitrogen may be found in ajjpreciable quantity 
among the products of the reaction ; again, with concentrated nitric acid, 
nitrogen peroxide is the main gaseous product of the reaction : Cu + 
4HNO3 = Cu(NOg)2 4- SHgO + 2NO2. Similarly with zinc, dilute nitric 
acid forms nitrous oxide : 4Zn -p IOHNO3 = 4Zn{N03)2 -j- SHgO + N2O ; 
but with a more concentrated acid, ammonia may be formed : 4Zn + 
9HNO3 = 4Zn(N03)2 + SHgO -f ISTHg. The ammonia, of course, reacts 
with some of the nitric acid to form ammonium nitrate. Iron hlings 
or a copper-zinc couple in the presence of a little sulphuric acid reduces 
dilute nitric acid to ammonia. 

According to C. Monteniartini (1892), at about 5®, the amount of 
ammonia increases with increasing concentration of acid and attains a 
maximum with 40 to 45 per cent. HNO3, after that the amount of ammonia 
decreases rapidly and very little is produced in a 60 per cent. acid. The 
curve, Fig. 63, shows the effect of the concentration of nitric acid upon 
the amount of ammonia produced per gram of zinc dissolved. At higher 
temperatures the maximum is attained with acids of less concentrations, 
thus, at 85^, the maximum ammonia formation occurs with a 9 per cent, 
acid. Secondary actions interfere with the regularity of the curve with 
the more concentrated acid. Some hyponitrous acid is probably formed. 
The quantity of nitrous oxide and nitrogen formed is smaE, the maximum 
amount of the former occurs with a 40 per cent. acid. The maximum 
velocity of the reaction is obtained with a 25 per cent, acid, with a more con- 
centrated acid the speed of dissolution diminishes. Magnesium behaves like 
zinc, manganese too behaves somewhat similarly. With cadmium, iron, 
nickel, and cobalt, tin, antimony and molybdenum, ammonia is formed 
with very dilute acid; nitric oxide is produced, so also is nitrous oxide. 
If no ammonia is formed, neither , nitrogen nor nitrous oxide are found in 
the gaseous products. Comparatively large quantities of nitrogen are 
produced with cobalt. Ho ammonia is found in the products of the acid 
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on copper, lead, bismuth, aiumiuium, mercury, and silver, but nitrous 
acid, nitric oxide, nitrogen peroxide are formed. Excluding lead, ammonia 
was only detected with those metals which can react with water at re- 
latively low temperatures, and even lead can probably react with water at 
ordinary temperatures since it is soon oxidized. Fig. 206, although 



Fio. 206. — Products of the Action of Nitric Acid of Various Concentrations 
on Zinc (at 6®), 

it does not indicate all the products of the reaction, illustrates in a strildng 
mamier the complexity of the reactions wliich occur when a metal dissolves 
in nitric acid. 

The mechanism of the reaction. — Some consider that the first product 
of the reaction is a nitrate of the metal and nascent hydrogen : Cu + 
2HNO3 = Cu(N 03)2 + [2H]. The nascent hydrogen is then supposed 
to reduce the nitric acid to nitrogen peroxide and nitrous acid. With 
some metals, the reduction of the nitric acid proceeds much further, say 
through the stages : NOg HNOg -> NO N2O N2 NH^OH 
NHg. Ammonia thus represents the limiting stage in the reduction of 
nitrogen compounds in the same sense that hydrogen sulphide represents 
the limiting stage in the reduction of sulphur compounds. Free hydrogen 
is seldom evolved because it is so rapidly oxidized by the nitric acid. How- 
ever, free hydrogen is said to have been obtained during the action of nitric 
acid on manganese, and on magnesium. The reducing actions indicated 
above can be represented symbolically : 

2HNO3 -f- [2H] 2H2O 4- 2NO2 ; 2HNO3 + [8H] = 5H.0 + N.O 

2HNO3 4- [4:H] - 2H;0 4 2HNO, ; 2HNO3 + [lOH] = 6E^O 4* N^ 

2HNO3 + [OH] - mlO 4 2NO ; 2HNO3 4 [16H] = eH^O 4- 2NH3 

Some believe that the acid first oxidizes the metal to the oxide, e.g. 3Cu 

4- 2HNO3 = 30u0 4 HgO + 2NO ; and that the oxide then dissolves in 
the acid to form the nitrate : CuO 4" 2HNO3 “ Cu(N03)2 4 HoO. "^ When 
differences of opinion can reasonably he entertained^ it follows that our 
knowledge of the facts is imornpleU, and more experime 7 ital work is needed. 
He who doubts should inquire. The metals copper, silver, mercury, and 
bismuth, bo it observed, have no perceptible action on cold dilute sulphuric 
and hydrochloric acids, and accordingly it m not likely that they will 
reduce nitrio acid by the action of nascent hydrogen. In harmony with 
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•what precedes, V. H. Veley (1890; proved that these metals have no action 
on cold dilitte nitric acid unless a trace of nitrous acid or a lower nitrogen 
oxide is present. Mtrous acid may be present iu the nitric acid as an 
impurity ; it may be formed by the incipient decompositioii of nitiic hcid 
when it is warmed ; or it may be formed in the acid by electrolysis pro- 
duced by local currents of electricity set up by impurities in the metal 
(“local action’^). Once the action has started, the evolution of nitric 
oxide, and the formation of nitrate proceed quickly. According to ¥eiey, 
therefore, the dissolution of this metal in nitric acid proceeds : Cu 
£ . ' 'vSHNOg = Cu(N 03)2 H- HjSfOo +■ HgO, is the resultant of a series of coii- 

i secutivo reactions : Cu -j- 4HISF02 = Cu{IS[02)2 -f 2H2O + 2NO ; the 

copper nitrite is decomposed by the excess of nitric acid forming nitrous 
acid, and tlie nitric oxide formed reduces nitric to nitrous acid : Gu(N02)2 
+ 2HNO3 — Cu(N 03)2 + 2HNO2 ; the sma.ll trace of nitrous acid 
thus acts as a catalytic agent ; mtrous acid is continuously produeed, 
and continuously decomposed: SHNOg = HNO3 + 2NO + HgO. The 
rat© of solution of copper, silver, mercury, and bismuth in nitric acid is 
less when the solution is agitated than when it is a.t rest, since, in the latter 
case nitrous acid accumulates in the neighbourhood of the metal and 
accelerates the action. 

Nitric anhydride ; nitrogen pentoxide. — Pure nitrogen pehtoxid© is 
prepared by the fractional distillation of a mixture of phosphorus pentoxide 
and well-cooled pure nitric acid. The phosphorus pentoxide removes the 
elements of water from the nitric acid : P2O5 + 2HKO3 — 2HPO3 + N2O5. 
The mixture is distilled in a current of ozonized oxygen, and the vapours 
are passed over phosphorus pentoxide. The ozone oxidizes the lower oxides 
of nitrogen. The actual boiling and melting points cannot be fixed on 
account of sublimation. This substance is also made by the action of dry 
chlorine on silver nitrate in a U-tube between 60° and 95°. The same 
oxide is made when ozone acts on nitrogen peroxide. The nitrogen 
pentoxide reacts with water producing nitric acid : N3O5 HgO 
2HNO3. Hence the crystalline mass is to be regarded as nitric anhydride. 
H. St. C. Beville (1849) analyzed this compound by passing the vapour 
over hot copper. The copper retained the oxygen, and the nitrogen passed 
on : H2O5 d" 5Gu = 5CuO -f No. The results of the analysis correspond 
with : nitrogen 25*65 per cent., oxygen 74*35 per cent., that is, with the 
formula The molecular weight has not been determinfcd. Hence 

we take the simplest — structure of nitric acM is nearly always 
represented by 

corresponding with quinquevalent nitrogen. The evidence is of a general 
kind: (1) the acid probably contains a hydroxyl group; and (2) the 
nitrogen is probably quinquevalent. The formula agrees 'with the ready 
decomposition of the pentoxide into nitrogen j>eroxide, ^02, and oxygen. 
The formula of the pentoxide, is best represented as indicated above/ 

The freezing points of solutions of nitric acid, HNO3, in nitrobenzene, 
eth^dene bromide, acetic acid, , and chloroaoetie acid, are but slightly higher 
than corresponds with the normal molecule, HNO^; in boiling ethereal 
solutions, the molecular weight is normal. The density of the vapour of 
nitric acid at 86° is 59*2 (Hg and at 256% 36*0. The former is 
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stippoBed to correspond with a 9*5 per cent, dissociation of the vapour 
HNO 3 ; and the latter with a 100 per cent, dissociation t ffiNOg 4 X 0 . 
+ 2H/) + Og. 

§ 7. Hyponitrous Acid and the Hyponitrites. 

God ever worketh by geometrical plan. — P i.ittarch. 

Reduction of nitrites and nitrates.— The reduction of nitrites and 
nitriites to ammonia readily occurs in alkaline solutions. For example, 
if an excess of sodium or potassium hydroxide be added to nitric aeicl, 
and pure zinc., aluminium, or iron be added to the alkaline solution, 
the salt is reduced to ammonia. When a solution of potassium or sodium 
nitrite or nitrate is treated with a solution of metallic sodium in mercury 
— sodium amalgam— the hydrogen liberated reduces the nitrite or nitrate, 
forming a new salt — sodium hyponitrite : 2 NaN 03 + [8H] = 4 H 2 O 
+ Na2N202. The alkaline solution can then be neutralized by acetic 
acid ; and when silver nitrate is added, a yellow precipitate of silver 
hyponitrite, AggN^Og, is formed. By treating silver hyponitrite, suspended 
iir dry ether, with a solution of hydrogen chloride in dry ether, and eva- 
porating the clear solution, white deliquescent crystalline plates are 
obtained. This is hyponitrous acid. The solid is very unstable and is 
liable to explode even below 0°. Barium hyponitrite, Ba{N0)2, can be 
made by the electroylsis of a mixture of equal parts of sodium nitrite and 
barium acetate in 12 times its weight of water. When the product is 
treated with dilute sulphuric acid, an aqueous solution of hyponitrous 
acid is formed. The acid can be extracted from its aqueous solution by 
ether, and the ether can be removed by evaporation. The aqueous solution 
soon decomposes into water and nitrous oxide : HgNgOg = H^O + NgO. 
The same substance, hyponitrous acid, is produced when hydimylamine 
acts upon nitrous acid : NHgOH + HNOg = HgNgOa + HgO. 

Constitution.- — Hyponitrous acid is , dibasic, and the formula HoNgOg 
has been established by freezing-point methods. Its constitution is best 
represented by HO — ^N™N — OH. It is conceivable that the molecule may 
have two different structures represented graphically by : 

N--OH N-OH 

II ^ II 

HO-N N-OH 

This means that with our present system of representing the composition 
of compounds, the hydroxyl groups in hyponitrous acid may be disposed 
either on the same side of the molecule — the syn type ; or on opposite sides 
of the molecule — ^the anti type. Evidence of the existence of both forms 
has been obtained in organic chemistry. It will be observed that this 
form of isomerism may or may not exhibit a phenomenon resembling 
desmotropism, or tautomerism. 

A striking example of this phenomenon was discovered by L. Pasteur 

in i860. Tartaric add*— 

COOH.CH(OH}.CH(OH).COOH 

— exists in three forms ; all have the same, molecular -weight, and the only 
apparent difference in their properties is; c with their behaviour 

towards polarized light. The most satisfectoiy method of representing the 
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constitution of the three tartaric acids in harmony with the facts, and with 
the atomic hypothesis, is as follows : 

Tbans Fobms. 


COOH 

\H— C-OH 
COOH 


Dextro-tartaric acid. 


COOH 
H-^C--OH 
HO— C-^H ^ 

^\6oo^ 

Lsevo-tartaric acid. 


Cis Form, 


cooh ; 
.H-e~oH 
H— C-OH 

Inactive Tartaric acid. 



Fia, 207. — Crystals of Dexfcro- and 
Lievo-tartaric Acids. 


There is one cis structure, and two modifications of the trans structure 
— the dextro- and kevo-acids. The cis structure is inactive towards 

polarized light, while one of tlie trans 
forms deflects the ray of polarized light 
to the right (dextro-tartaric acid) ; and 
the other to the left (Isevotartaric acid). 
There is no difference in the kind or 
number of atoms or rMieles in the mole- 
cules of the different varieties. Crystals 
of the dextro- and Isevo-acids or their 
salts are similar, but enantiomorphic — 
from the Greek havrios (enantios), opposite ; ixopj>'^ .(morphe), shape — 
meaning that the two crystals are related to one another as object and 
image, or as right- and left-handed screws — ^Fig. 207. It is therefore 
inferred that the radicles in the two varieties are so disposed that their 
molecules rotate or spin in opposite directions ; and that the thii’d inactive 
variety (mesotartaric acid) is a kind of hybrid of the other two in that the 
tendencies to rotate in opposite directions neutralize one another. This is 
illustrated by the arrows in the above structural formulae. 

Instead of representing the disposition of the radicles in the molecules 
on a plane surface, it is maintained that the structural formulae ought to 
be represented in tlmee dimensions, as is usually done in organic chemistry, 
where this subject has been highly specialized. Hence the terms stereo- 
isomerism — from tlie Greek (stereos), solid — or geometrical or 

physical isomerism. Many of the concepts which have been developed 
in organic chemistry have been extended into inorganic chemistry. The 
*‘syn ’^ and ^‘anti” forms of hyponitrous acid are simple exam^ffes, 
Sometimes the carbon atom behaves as if its valency linkages were 
directed from the centre towards the four apices of a regular tetrahedron. 
The real shape of the atom of carbon is, of course, unknown. Similar 
attempts have been made to deal with the atom of nitrogen and some 
other elements, but in these cases there is not the same agreement among 
chemists as is the case with carbon, See Werner’s theory of valency.” 

§ 8. Nitrates. 

Nitric acid is a strong acid, it colours blue litmus red ; and behaves 
as a monobasic acid with mei|@^pib oxides, hydroxides, and carbonates, 
forming a series of salts called For instance, with copper oxide ; 
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copper nitrate is formed : CuO + 2HNO3 = CuCNO^)^ + H.,0, etc. 
Similarly we have potassium nitrate, KNO3 ; calcium nitrate, Ca(N03)2 ; 
bismuth, nitrate, Bi(N03)3, etc. 

The nitrates are usiia% readily soluble in water and form well-defined 
crystals. The nitrates are decomposed when heated. Lead nitrate, and 
the nitrates of the .heav\^ metals generally, form an oxide of the metal and 
give off a mixture of oxygen and nitrogen oxides: 2Cu{N03)2 = 2GuO 
-|- 4NO2 “f O 2. The oxide of the heavy metal may not be stable at the 
temperature of the decomposition of the nitrate. With lead nitrate: 
2Pb(N03)2 ^ 2PbO 4- O2 + 4NO2. The reaction is reversible at 357°, for 
if the nitrate be heated in an evacuated sealed tube, red fumes appear 
whicii vanish again when the tube is slowdy cooled. Mercuric nitrate 
similarly forms mercuric oxide. The nitrates of the allcalies form nitrites 
and oxygen : 2KNO3 = 2KNO2 + O2. Hence the nitrates are often 
used as oxidizing agents. 

Sliver nitrate, AgNOg. — Silver nitrate is usuaity formed by the action 
of nitric acid on the metal. The aqueous solution crystallizes in colourless 
rhombic plates, 100 grams of water at 0° dissolve 122 grams of the salt ; 
at 50°, 455 grams ; and at 100°, 952 grams of the salt. The aqueous 
solution is blackened, probably by reduction to silver, by contact with 
organic matter, and it is accordingly used as marking ink for linen, etc. 
The crystals melt at 209°, and solidify to a fibrous crystalline mass called 
“ lunar caustic.” The salt decomposes at 450°, forming silver nitrite, 
AgN02 ; and at higher temper atui’es decomposes into metallic silver and 
nitrogen oxides. Silver nitrate absorbs ammonia gas with some avidity, 
forming silver triamminonitrate, AgNOg.SNHg; the aqueous solution 
w^hen saturated with ammonia deposits rhombic prisms of silver diam- 
minonitrate, AgN03.2NH3, or Ag(NH3)2N03, or the salt is precipitated 
by adding alcohol or ether to the ammoniacal solution of silver nitrate. 
The same salt is precipitated when a solution of silver nitrate in benzonitrile 
is treated with ammonia. The salt is dissociated in aqueous solution and 
the silver is precipitated as chloride in the usual manner. 

Composition and basicity of nitric acid, — ^To show how the basicity 
and composition of the acid can be determined : One gram of pure silver 
was dissolved in an excess of nitric acid, and on evaporation to diyness, a 
weight 1 *5748 gram of silver nitrate was obtained. This silver nitrate was 
heated in a current of carbon dioxide, and the vapours passed over hot 
metallic copper. The copper retained the oxygen. The gases w^ere 
collected over a solution of potassium hydroxide which retained the 
carbon dioxide, not the nitrogen. The volume of nitrogen collected 
corresponded with 0T307 gram. Assuming that the atomic weight of 
silver is 107*88 ; oxygen, 16 ; it follows that : 


Grams. 

Weight of silver nitrate 1-5748 

Weight o.f metallic silver . . . . . . . 1-0000 
Weight of ‘‘ nitrate ” radicle ...... 0-5748 

Weight of nitrogen . . , . 5*1307 

'Weight of oxygen . . . ' 0'4441 


Hence in silver nitrate, the N : d 01307 : P‘4441 by weight ; Le. the 
numbers of the atoms are related as N y) 0*0093 : 0*028 ; or, as 1 : 3. 
Hence for every atom of silver, there arf three atoms of oxygen and one 

' , , 4 ’ ' s :'2 
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atom of nitrogen — AgNOg. Assuming this composition for silver nitrate, 
it follows that the combining weight of nitrogen can be determined directly 
from the data given. No one has pro^^ared two silver nitrates—acid and 
normal silver nitrates — and there is no evidence of diba.sieity with nitric 
acid. Hence it is inferred that nitric acid is monobasic. 

Copper nitrate, Cn(N03)2.3H20, — ^An aqueous solution of copper 
nitrate is obtained by the typical methods for the preparation of salts — the 
action of nitric acid on the metal, oxide, hydroxide, or carbonate. The 
solution deposits deliquescent crystals of Cu(N03)2.3Hc0, and when heated 
to about 60 °, the crystals decompose, forming basic copper nitrate, 
Cu(NO 3 ) 2 . 30 u( 0 H) 2 . Anhydrous copper iiitrate, CuCNOg).^, has not been 
■made. '■ 

Mercurous nitrate, HgNOg, is deposited in colourless monocHnic crystals 
of HgNOg. HgO from solutions of mercury in cold dilute nitric acid 
(mercury in excess). The effect on the freezing of aqueous solutions 
corresponds with the formula (HgNOg) 3. The salt dissolves in water 
acidulated with nitric acid, but an excess of 'water decomposes the salt with 
the precipitation of a basic nitrate, HgOH.HgNOs. If this be boiled '^vith 
water, it is converted into mercuric nitrate and mercury ; if an excess of 
mercury be also present, the basic mercurous nitrate 3HgN03.2Hg0H is 
formed. Mercuric nitrate, Hg(N03)2, prepared by boiling mercury 'with 
. an excess of nitric acid until the solution gives no precipitate with a little 
sodium chloride. If evaporated over sulphuric acid, deliquescent crystals 
of 2 Hg{N 0 3) 2. H gO are formed. If the mother liquid be boiled, a compound 
Hg(N03)2.Hg0.2H20 is precipitated, and if this precipitate, or mercuric 
nitrate, be treated with an excess of cold water, ilg(NO^)2^^B.gQM^O is 
precipitated as basic mercuric nitrate. Thus, like mercurous nitrate, 
mercuric nitrate has a great tendency to form basic salts. 

Lead nitrate,' Pb(N03)2. — ^Lead nitrate is formed by dissolving the 
metal, the oxide, carbonate, etc., in nitric acid. The salt is deposited in 
regular octahedral crystals isomorphous with barium nitrate. When 
heated lead nitrate decomposes as indicated above. The aqueous solution 
is faintly acid, and basic salts are said to be formed wlxen the aqueous 
solution is boiled with lead monoxide — ^Pb(N03)0H, and wiien lead nitrate 
is heated to, say, 300 ° in a closed tube. Other basic salts are obtained 
by adding ammonia to a solution of lead nitrate. The composition depends, 
as is, so often the case, with the so-called basic salts, on the concentration 
and temperature of the solution. Quite a complex series of mixed products 
is obtained by the action of lead and of potassium nitrite on load nitrate. 

§ 9 . Nitrous Acid and the Nitrites. 

Sodium or potassium nitrates decompose when heated, forming 
corresponding nitrite, but when specially preparing these nitrites, it is 
best to mix the nitrate wdth a mild reducing agent like metallic lead or iron 
filings. Thus by heating at 470 ^^ a mixture of sodium nitrate and an 
excess of lead oxide: SPbO.rf NaNOa NaNOg -f Pb304 ; or by 
heating a mixture of lead filings with an equal weight of sodium nitrate 
in a crucible:, 3 Pb + + 4NaN02, ' Digest' the cold 

mass with water, filter, and evgmorate the solution to a small bulk, when 
crystals of sodium nitrite sep^^te on cooling. Most of the nitrites 
are very soluble in water, but silver nitrite, AgNO^, is not very soluble in 
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cold water. It is X)recipitated in ci^stalHne needles when a solution of 
silver nitrate is added to a- solution of soditiin nitrite. If carefully purifiedj 
potassium and sodiiini nitrites have a neutral, not an alkaline, reaction. 

Nitrous a.cid can be made by adding hydrociiloric or sulphuric acid 
to a solution of the nitrite : NaN 02 -f HCl = NaCi + HNOg. II 
hydrogen peroxide be added to a solution of ammonia, the latter is oxidized 
to nitrous acid: NH 3 + = HNOg + fflgO.,,.' Since an excess of 

ammonia is usually present, ammonium nitrite is formed. When ammo- 
nium nitrite is heated, nitrogen is formed (p. 677). The aqueous solution 
of the acid gradually decomposes at ordinary temperatures : 3 HNO 2 = 
HN0;5 + 2NO + HoO. The decomposition is much quicker when the 
soliition is warmed. Nitrous acid is only known in dilute solutions. 

The acid acts both as an oxidizing agent and as a reducing agent. 
Thus, it oxidizes hydriodio acid or potassium iodide liberating iodine: 
2HI -f 2 HNO 2 = 2 H 2 O + 2NO + la* A solution of potassium perman- 
ganate, however, is rapidly decolorized in the presence of sulphuric acid 
with the formation of manganous sulphate. The permanganate is thus 
red^iced by the nitrite solution. 

Constitution of nitrous acid. — The formula HNOg is confirmed by 
electrical conductivity measurements, and by the effect of the acid on the 
freezing of water. There is some difference of opinion which of the formulae : 

q>N— H; or ^>N— H; or 0=N— OH 

represents nitrous acid. The difference between the first two can only 
be answered by evidence showing whether the nitrogen atom be ter- or 
quinquevalent. The latter formula is generally accepted on the assump- 
tions : ( 1 ) The acid probably contains a hydroxyl group ; and ( 2 ) the nitrogen 
atom is probably tervalent. As a matter of fact the evidence shows that 
both types of formulae may be right under different conditions. The 
formation of ethyl nitrite, CgHs-NOg, by distillation from a mixture of 
ethyl alcohol, sodium nitrite, and sulphuric acid; and the subsequent 
hydrolysis of ethyl nitrite to ethyl alcohol and water may be taken to show 
that the ethyl radicle is attached to oxygen, not, to nitrogen: 0=.N— 
OCgHs + NaOH = CoHg.OH -|- O—N—ONa. Ethyl nitrite is reduced by 
tin and liydroohloric acid to ammonia, alcohol, and some hydroxylamine : 
0-N-™0bji., -I- 3 H 2 - HoO NH 3 + O 2 H 5 .OH. 

Again, if silver or sodium nitrite be heated with ethyl iodide, CgHgl, 
' in a sealed tube, the so-called nitroethane, CgHgNOs, is produced. Nitro- 
ethane and ethyl nitrite are isomeric, the former boils at 113°, the latter at 
17°. When rediuied with tin and hydrochloric acid, nitroethane forms 
ethyiamine, CsHfs.NH;^, a compound also produced by the action of ethyl 
iodide on ammonia. Nitroethane is not hydrolyzed by sodium hydroxide 
solution. These facts are taken to mean that in nitroethane, the nitrogen 
is attached directly to the ethyl group : 

g>N-02H5,.oi^»N-G2H5 

Both nitroethane and ethyl nitrite are deriyed from sodium, nitrite, and it 
Is therefore inferred that nitrous acid exhibits!' tautomerism : 

, .0==:N-OH'^^HTrH 
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Nitrocellulose and the other compounds indicated on p. 623 are in hariiiony 
with one of the first two formuise, because in these compounds the group 
NOq acts as a monad radicle. On the other hand, compounds like nitrosyl 
chloride, NOCl ; nitrosyl fluoride, NOF, etc., agree with, the third formula, 
because in these compounds the OH radicle is replaced by monad chlorine, 
fluorine, etc. Ortho-nitrous acid may be regarded as the final oxidation 
product of ammonia, where NH3 becomes N(OH)3. This orthonitrous acid 
is unlmown even in combination. Ordinary nitrous acid is metanitrous 
acid, and the nitrites are meta-salts. 

Mentification of nitrites and nitrates. — (1) Dilute sulphuric acid de- 
composes all the nitrites in the cold. Nitric oxide is formed, w^hich gives 
brownish-red fumes in the air : SHNOg = HNO3 + 2NO -h HoO. 
Nitrates do not give the brown fumes, unless they be heated with con- 
centrated suiphuTic acid. (2) Potassium iodide is not decomposed by pure 
dilute nitric acid ; whereas, with a solution of a nitrite, when acidified with 
dilute sulphuric or acetic acid, it becomes yellow or brown owing to the 
separation of iodine. If a little starch paste be present, the solution will 
be coloured blue. Many other oxidizing agents give the same coloration 
—ozone, hydrogen peroxide, chlorine, and ferric salts. Nitrates gi^e the 
same coloration if a little zinc be added to the acidified solution owing 
to the reduction of the nitrates to nitrites. (3) A sensitive test for the 
nitrates is based upon the oxidation of ferrous salts by nitric acid : OFeSO^ 
+ 3H2SO4 + 2HNO3 ~ + 4H2O + 2NO ; and by nitrous 

acid : 2FeS04 + H2SO4 + 2HNO2 = ^62(804)3 + 2HaO + 2NO. In 

the cold, the nitric oxide forms a dark brown compound with the excess of 
ferrous salt. To apply the test, dissolve the nitrate in as little water as 
possible. Add a cold satmated solution of ferrous sulphate slightly 
acidified with sulphuric acid. Pour concentrated sulphuric acid down 
the side of the tube. If nitric acid be present, the zone of contact will be 
coloured ' dark brown. With nitrites, the concentrated sulphuric acid 
need not be added. (4) Nitrates may be distinguished from nitrites by 
the addition of a hot concentrated solution of sodium hyj)0sulp}iite. The 
former remain unaltered, the latter evolve nitrogen. 

§ 10. Nitrous Oxide, or Nitrogen Monoxide, 

Molecular weight, == 44*02. Melting point, — •102*7'^; boiling point, 
—■89*8° i critical temji^rature,-^ 36*6°. Vapour density (O 2 — 32), 44*02 ; 
(air— 1) 1*6299. One litre under standard conditions weighs 1*9777 gramd. 

Preparation. — ^Nitrous oxide, as we have seen, is produced when nitric 
acid, specific gravity IT, reacts with zinc or tin. J. Priestley discovered 
the gas in 1772, and he made it by reducing nitric oxide with moist iron 
filings, or potassium sulphide, etc. The gas is also formed hy heating 
hydroxylamine nitrite : NHgOH.HNOg === 2H2O + NgO. Nitrous oxide, 
however, is rarely prepared by these methods for experimental work. 

One most convenient mode of preparation is to heat dry ammonium 
nitrate in a flask fitted with a deliveiy tube (Fig. 103). The salt melts at 
about 165°, and it begins to decompose at about 186°. The decomposition 
proceeds quite rapidly between 2(^® and 240°. Nitrous oxide and w^ater 
are formed: 211^0 At 240® the decomposition is 

veiy vigorous, and the mixture may even explode. There are also side 
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reactions, for tiie nitrate may decompose : 2 NH 4 NO 3 = 2 X 3 + O 3 + 
4 H 2 O ; and 2 NH 4 NO 3 === N 2 4" 2NO -f- '^H 20 . Each of the three re- 
actions evolves heat. The maximum degradation occurs when nitrogen, 
oxygen, and water are the products of the reaction, and since nitrous 
oxide is an endotherniai compound which itseK readily breaks down into 
nitrogen and oxygen, the formation of nitrous oxide may be regarded as an 
intermediate product in the thermal decomposition of ammonium nitrate. 
A well- dried mixture of ammonium sulphate and sodium nitrate is often 
preferred to ammonium nitrate because the decomposition then proceeds 
quietly and iiiore umformiy : (NH 4 ) 2 S 04 + BNaNOg == Na 2 S 04 + 4 H 2 O 
4- 2 N 2 O. When ammoniuin nitrate decomposes very rapidly, appreciable 
quantities of nitric oxide are formed. If required for special work, the 
gas must be purilied from chlorine (formed from the chlorides contami- 
nating the ammonium nitrate), by passing the gas through a solution of 
potassium hydroxide, and from nitric oxide, by passing the gas through 
a solution of ferrous sulphate. 

Properties, — Nitrous oxide is a colourless gas with a faint smell. 100 
c.c. of water, at 760 mm. pressure, dissolve 130 volumes of the gas at 0° ; 
and 67 volumes at 20 ®. Hence the gas is usually collected over hot water 
in order to lessen the loss due to its solubility in that liquid. The aqueous 
solution has a sweetish taste. The gas is about four times as soluble in 
alcohol as in water. The gas condenses to a colourless limpid liquid 
at 0® under a pressure of thirty atmospheres. M. Faraday liquefied the 
gas in 1823. Liquid nitrous oxide can be purchased in steel cylinders. 
The liquid boils at —89*3®, and freezes to a snow-like mass when allowed 
to evaporate. The cubic crystals melt at —102*7°. The liquid forms a 
crystalline hydrate : NgO-GHgO, with water. Both the liquid and solid 
produce painful blisters when dropped on the hand. If liquid nitrous 
oxide be mixed with carbon disulphide and placed in a vacuum, the 
temperature of the mixture falls to —140®. 

Nitrous oxide resembles oxygen in its behaviour towards combustibles. 
A brightly glowing splinter bursts into flame when plunged into the gas. 
Ignited phosphorus, sulphur, etc,, burn vividly in nitrous oxide gas. The 
burning of, say, sulphur in nitrous oxide gas with a greenish-blue flame 
is sometimes represented as : 2 N 3 O S == SOg + 2 N 2 , when, as a matter 
of fact, if the combustion be carried out in a large vessel, the walls become 
covered with crystals of nitrosulphonic anhydride and some of its decom- 
position products ; some nitrogen peroxide is also formed. The reaction 
is therefore quite a complicated one. When J. Priestley discovered oxygen 
in 1774, he was already familiar with nitrous oxide, which he had discovered 
a couple of years previously. Hence in describing the brilliancy of the 
flame of a burning candle in oxygen, he said ; “ I got nothing like this 
remarkable appearance from any kind of air besides this particular modi- 
fication of nitrous air.” The burning body decomposes the nitrous oxide, 
unites with the oxygen, and leaves the nitrogen as a residue. If sulphur 
be but feebly burning, its flame is extinguished when plunged into nitrous 
oxide, probably because the temperature is, not high enough to decompose 
the gas. It is therefore easy to mistake nitrous oxide for oxygen. One 
distinguishing test is to add a bubble of suspected gas to the nitric oxide ; 
if red fumes are produced the gas is oxygen. Nitrous oxide does not give 
red fumes with nitric oxide. Another test depends on the far greater 
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solubility of nitrous oxide in alcohol than oxygen. Nitrous oxide is i^cdiiced 
by moist magnesium, zinc, cadmium, or iron, and some ammonia is formed 
at the same time. 

When inhaled, nitrous oxide produces unconsciousness, and insensi- 
bility to pain. Hence it has long been used as an aneestiietic for sinail 
surgical operations, dentistry, etc. But owing to the unpleasant aiter 
effects sometimes produced, it is not used so much as formcrrly. ],f the 
inhalation be long continued, it may j^roduce death ; while if but small 
quantities are inhaled, it may produce a kind of hysteria, or intoxication. 
Hence the gas is sometimes called “ laughing gas.” As L. Edgwortli 
remarked (1799), after breathing the gas, “ I burst into a violent fit of 
laughter, and capered about the room without having the power of 
restraining myself”: and H. Da^’y wrote (1794): after breathing six- 
teen quarts of the gas, “ I danced aboxxt the laboratory as a madman.” 
The effects of the gas are not quite the same on different peox^le. 

The formation of nitrous oxide is an endothermal reaction : 2N + 
0 = N 2 O — 18 Cals. Nitrous oxide decomx)oses with an explosion if a 
fulminating cap foe detonated in the gas. Nitrous oxide decomposes 
into its elements when heated, 2 N 2 O *->2N2 + O 2 . Two volumes 
of the gas furnish two volumes of nitrogen and one volume of oxygen 
— three volumes in all. 

Composition of nitrous oxide. — The oxygen can be withdrawn from 
nitrous oxide, by sodium or potassium, or barium sulphide, in an apparatus 
like that indicated in Fig, ‘ 170, The equation cannot be given because of 
the uncertainty what oxide is formed. With potassium 

an oxide is formed which spon- 
taneously absorbs oxygen when 
exposed to the air. The following 
is a better way of conducting the 
experiment. A hard glass or 
quartz tube about 3 mm. bore, 
and 10-12 cm. long is filled wdth 
metallic copper made by reducing 
the granulated oxide in a cun*ent 
of hydrogen. The copper is held 
in place by plugs of asbestos at 
each end. This tube is mounted 
between HempeTs burette (p. 115), 
and a two- bulbed gas pipette, 
Fig. 208. Both the burette and 
pipette arc charged ^yith mercury. 
The upper bulb of the pipette is 
empty when the lower bulb is full 
of mercury ; the mercury extends 
to a mark on the gauge tube of the 
pipette. The bim^tte contaius a 
measured volume of nitrous oxide. 
By opening the stopcock, and 
raising the levelling tube, a slow current of the gas is led over the red-hot 
metallic copper into the pipette. When the lower bulb of the pipette 
is nearly full of gas, return the gas to the burette by lowering the 


Combustion Tube. 



Fio. 208. “Composition of Nitrogen 
Oxides. : 
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levelling tube. When the gas is cold, read its volume when the mercury 
in the measu]‘ing and ieveiling tubes is at the same level It will be 
found That aitliough the gas has decomposed, and copper oxide is 
formed, this has made no diiierence to the volume of the gas in the 
burette. Tliis experijnent proves that nitrous oxide contains its own 
volume of nitrogen. Or one molecule of nitrous oxide contains one 
molecule of nitrogen ; that is, two atoms of nitrogen and the formula of 
nitrous oxicle must therefore be N 20 J^ where n is to be determined. 

One gram-rnolocule of nitrous oxide weighs , . 44*027 grams 

One gram-molecule of nitrogen weighs . . . 28*020 „ 

\^"eight of oxygen in the molecule .... 16*007 „ 

Assuming tiiat the small fraction here represents an experimental error, 
the number 16*007 can represent one and only one atom of oxygen, 
since the atomic weight of oxygen is 16. This means that the formula for 
nitrous oxide is N The constitution of this apparently simple compound 

is by no means clear. The molecule is supposed to be constituted 

and the nitrogen atom is supposed to be tervalent, not univalent, as 
might be inferred by analogy with water H.O.H, or, by analogy with 
chlorine monoxide, Cl^O, where chlorine is usually considered to be uni- 
valent, There a-re no grounds for assuming tervalent nitrogen in nitrous 
oxide other than the general statement that “ nitrogen frequently acts as 
a tervalent element, and rarely, if ever, as a univalent element. J. Thiele 
supposed that the formula of nitrous oxide is best represented by the 
iinsymmetricai formula 0 ~N^N, where one nitrogen atom is tervalent, 
and the other quinquevaient. Nitrous oxide appears to be the anhydride of 
hyponitrous acid : NoO -j- HgO = H 2 N 2 O 2 , but nitrous oxide does not seem 
to react with water in this manner ; although nitrous oxide is formed when 
concentrated sulphuric acid acts on hyponitrous acid : H 2 N 2 O 2 + H 2 SO 4 
= H 2 SO 4 .H 2 O -h N 2 O. Nitrous oxide has also been analyzed gravimetri- 
cally by determining the increase in weight of the copper (Fig. 208); 
and also by heating electrically a •weighed spiral of iron wire in the gas, and 
finding the increase in 'weight due to the absorption of oxygen, that is, to 
the formation of ferric oxide. 

Example. — 1*1670 grains of nitrous oxide, gave 0*4242 gram of oxygen * and 
iience the gas contains 0*7428 gram of nitrogen. What is the formula of nitrous 
oxide ? The gas contains 0*7428 gram of nitrogen per 0*4242 gram of oxygen. 
Divide these numbers by the corresponding atomic weiglits, as indicated on 
p. 78, and we get the atomic ratio N : O = 2 : 1. Hence the formula is 
But the density of nitrous oxide is 44*0074. Tliis corresponds with the molecule 
NgO when the atomic weights of oxygen and nitrogen are respectively 16 and 14*01. 

A mixture of equal volumes of nitrous oxide and hydrogen explodes 
when sparked, so that 

N^O + H, = Na + HAiqutd 

2 vois. 2 vols. . , 2 vols. 

The water condenses to a liquid, and hence its volume is negligibly small. 
The explosion is not so violent as with electrolytic gas, p. 69. Since 

^ Below 360® cuprous oxide Cu^O, not OiiO, is formed; above 360°, CuO is 

produced^ - ' W''".':' 



explosion pipette consists of a tliick- walled glass bulb in which are fused 
two platinum wires with tips about 2 mm. apart. This explosion bulb is 
connected with another bulb by means of a glass tube and stopcock. 
The upper end of the explosion bulb ends in a U-shaped gauge tube. The 
explosion pipette is charged with mercury in such a way that the upper bulb 

is empty when the loAver bulb is 

Explosion Pipene full of mercury, and the mercury 
1 extends to a mark on the gauge 

tube. Open the two stopcocks 
Mm&riftg ] 3^ " and raise the levelling tube of the 

I I burette so as to transfer the gas 

i t hi- -J burette to the explosion 

I i pipette. Allow a little jnercui^^ to 

Levelling | * pass into the pipette from the 

[] I burette to make sure that all the gas 

I ^ I ^ pji has been transferred to the jupette. 

I 1 1 Close both stopcocks, and pass a 

I ’ I spark across the platinum termi- 

JL > I nals. After the explosion, open 

‘ - I stopcocks, and transfer the 

ji ^ w F g^'S from the pipette to the burette 

by depressing the levelling tube 

1 1 until tho level of the mercury in 

^ the burette is in its former position. 

ipi^^ volume of the water formed 
Fig. 209.— Analysis of Oases by during the explosion is neghgibly 

Explosion. small in comparison with the gases 

from which it is formed. Bring the 
mercury to the same level in both tubes and read the volume of the gas in 
the burette. Suppose : 

Before Explosion : Volume of nitrous oxide ..... 30 c.c. 

Volume of hydrogen added .... 40 c.c. 

Total volume 70 c.e. 

After Explosion : Total volume of mixture • • • • * 

Contraction ........ 30 c.c. 


If SO c.c. of hydrogen have been converted into water ; 15 c.c. of oxygen 
must have been used for this reaction. Hence 15 c.c. of oxygen must 
have been taken from the nitrous , oxide. Hence 10 c.c. of hydrogen were 
added in excess of what was actually required. Consequently, 30 c.c. of 
nitrogen remain mixed with 10 c.c. of hydrogen. Some oxides of 
nitrogen are formed during the explosion, and these dissolve in the water 
forming nitric and nitrous acids. This causes rather low results for 
nitrogen. 
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§ 11, Nitric Oxide, or Nitrogen Dioxide^ 

Molecular weight, NO = 30-01. Melting point, —167° ; boiling point, —150'^; 
critical temperature, — 04°. Vapour density (Hg = 2), 29*88 ; (air .1) 1 -039, 

History. — J. Priestley (1772) is generally regarded as the discoverer 
of nitric oxide; although J. Mayow (1669) made it by treating iron 
with nitric acid ; and R. Boyle (1671) noted that it formed reddish 
fumes in contact with air. J, B. van Helmont (c. 1600) knew the gas, 
although his descriptions seem to confuse it with carbon dioxide, probably 
because he liad one name — gas sjdvestre — for a number of differeixt 
gases. 

Preparation.— Nitric oxide is prepared by the action of nitric acid, 
specific gravity 1 % upon metallic copper or mercury. The copper turnings 
are placed in a two-necked Woulfe’s bottle (Pig. l5) or a Kipp’s apparatus 
(Fig. 13). The bottle is about one-fourth filled with water, and about the 
same volume of concentrated nitric acid is added. A rapid evolution of 
gas occurs. The gas should be collected as soon as possible because when 
the reaction has been in progress some time, particularly if the temperature 
rises during the reaction, nitrous oxide and nitrogen may appear with the 
nitric oxide, as indicated on p. 624. The results are better if a little sodium 
nitrite, say 2 per cent., be added to the mixture in the Woiilfe’s bottle. 

A purer gas is obtained by reducing potassium nitrate with ferrous 
sulphate acidified with sulphuric acid, or ferrous chloride acidified with 
hydrocWoric acid : KNO., + SFeCl^ + 4HC1 = SFeCig + KCl 4- SHoO 
4- NO. A mixture of 12 grams of potassium nitrate with 100 grams ox 
ferrous sulphate is introduced into a flask, Fig. 105, and mixed with 100 
c.c. of water and 60 c.e. of sulphuric acid. A steady stream of nitric oxide 
is evolved “wlien the mixture is warmed. According to L. W. Winkler 
(1889), highly pure nitric oxide can be made by dropping a 50 per cent, 
solution of sulphuric acid upon a mixed solution of potassium iodide and 
sodium nitrite in the apparatus depicted Fig. 50 ; and F. Emich made a 
liighly pure oxide by the joint action of sulphuric acid with about 2 per 
cent, of sodium nitrate and mercury. The gas was scrubbed in a tower 
containing potassium hydroxide. 

Properties. — ^Nitric oxide is a colourless gas a little heavier than air. 
When brought in contact with air, it immediately combines with the oxygen, 
forming brownish-red fumes of nitrogen peroxide. No other gas gives red 
fumes w'hen exposed to the atmosphere or to oxygen gas. Hence it is 
not possible to describe the smell, and the physiological action of this gas. 
If the two gases — nitric oxide and oxygen — be thoroughly dried, no com- 
bination occurs. This agrees with a generalization of M. Traube, “ Dry 
substances do not unite directly with oxygen.” If dry nitric oxide he 
passed into liquid oxygen or liquid air greenish flecks appear which F. 
Raschig attributed to the formation of nitrogen hexoxide. Analyses give 
results corresponding with the empirical formula NO3. Hence the re- 
action is represented NO 4- Og — NO3. . Nitrogen hexoxide decomposes 
spontaneously into a greyisli-biue solid, nitrogen, peroxide, N2O4, and free 
oxygen, at temperatures a little above the. boiling point of oxypn. E. 
Muller (1914) considers that the alleged hexoxide is really a mixture of 
N2O4, NgOs, and NO, because if a t^t-tube of liquid air be dipped into 
liquid nitrogen trioxide, a yellow crust of the latter congeals on the test- 
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tube ; and if the tube be now dipped in liquid nitrogen peroxide^ a blue 
layer of the latter is deposited on the former. The combination of the two 
coloured dims, yeliow and blue, gives a green identical with tlie adegcd 
hexoxide. 

At 0"^ and 760 mni. pressure, 100 voluiiies of water dissolve 7 -3 volumes 
of the gas j and at 20*", 4*6 volumes. Hitric oxide slowly reacts with 
potassium hydroxide, forming nitrous oxide, nitrogen, and potassium 
nitrite. The reaction is very slow at ordinary temperatures, but at 125° 
tlie reaction is over in a couple of hours. There are probably two skie 
reactions : 4ISIO + 2KOH = N2O -f- 2 KNO 2 — h H2O ; and ONO 4" 4KOH 
== No -f 4KNO3 -I- 2H2O. Nitric oxide dissolves in a solution of ferrous 
sulphate. A “compound’’ of nitric oxide and ferrous sulphate appears 
to be formed. This imparts a dark brown colour to the solution. The 
“compound” is decomposed when iiea.ted to about 60°, and nitric 
oxide is evolved. It is not very clear if a true compound is formed between 
the nitric oxide and the ferrous salt, because its composition seems to vary 



with the temperature of formation. 
Thus at 8° the composition eorre- 
. sponds with 3EeS04.2N0 , ; .from 8° 
to 25°, , about ■:2FeS04.N0' ■; v and. 
above 25°, 5FeSO4.NO. With these 
facts, and the law of constant com- 
^ fsi position before us, we cannot very 

weh say that ferrous sulphate forms 
y a true chemical compound with 

I j nitric oxide, p. 570. Ferrous, 

I cobaltous, nickeloiis, manganous, 

chromous chlorides give similar 
W^-- ^ Nitrie oxide also dissolves 

a u mriM s# iu nitrlc acid forming a coloured 

—pjr— solution ranging in tint from brown 

Fio. 210— Bedtiotion of Nitric Oxide yeBow, to green, to biwe. Wlien 

to Ammonia. passed through a. solution of potas- 

sium permanganate, no formation 
of nitrous acid can be detected. The reaction is rej)resented : 
E:Mn04 + NO KNO3 H-MnOg. 

Nitric oxide is difficult to fiquefy. At —93*5°, a pressure of 71*2 
atmospheres is required to liquefy the gas. The liquid is colourless if air 
be excluded, otherwise the liquid may be tinted green or blue. The liquid 
boils at —150°, and the white solid melts at —167°. 

Nitric oxide is not combustible, and it only supports combustion under 
special conditions, that is when the temperature is raised sufficiently to 
decompose the gas. The dame of feebly burning phosphorus is extin- 
guished, but if the phosphorus be burning vigorously, combustion is con- 
tinued in the gas. Burning sulphur is extinguished, but if the sulphur 
be boiling when it is plunged in the gas combustion sometimes continues. 
Potassium also bums mthe gas, f orming a mixture of nitrites and nitrates. 
Sodium can be heated in a tube containing the gas without the metal 
burning. A mixture of nitric oxide with hydrogen can be sparked without 
explosion, but if the mixture be pass^; through a hot tube, decomposition 
tate j^laee : ' 2H2 -f* 2NO ■■ ’K the tnbe contains platinised 


tlydrogen. 
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asbestos or finely divided nickel or copper (reduced from the oxides) 
ammonia gas is formed : 2N0 + SHg + 2NII3. A slow current 

of nitric oxide is mixed with an excess of hydrogen in the apparatus 
illustrated in Fig. 210, which explains itself. The dry hydrogen comes from 
a Kipp’s apparatus. The ammonia and the excess of hydrogen can be 
passed through a dilute solution of hydrochloric acid of sulphuric acid to 
form an ammonium salt ; a red litmus paper held in the stream of gas ivili 
be coloured blue. 

Decomposition. — When nitric oxide is exposed to the shock of a detona- 
tion from mercury fulminate, the gas decomposes into its elements. The 
experiment can be made by exploding a percussion cap> by means of an 
electric spark in a tube of the gas. Nitric oxide, however, is one of the 
most stable of the nitrogen oxides. It does not decompose appreciably 
when heated until the temperature reaches 500°. The reaction 2NO ^ 
O2 -r N2 is reversible, as indicated on p. 618, so that at still higher tem- 
peratures, say, 3000°, over 4 per cent, of the mixture of nitrogen and 
oxygon will combine to form nitric oxide. This behaviour is characteristic 
of endothermal reactions, and N + 0 = NO — 21*6 Cals. 

Nitric oxide redtices potassium permanganate, iodic acid, silver oxide, 
nitric acid, etc., in the cold ; and it oxidizes potassium and barium, sulphides, 
etc., when warmed. 

Composition, — The composition of nitric oxide may be established by 
the methods employed for nitrous oxide. The residual nitrogen occupies 
half the volume of the original gas. Hence one molecule of nitric oxide 
contains half a molecule of nitrogen ; that is, one atom. The formula is 
therefore NO^?, wliere n has to be determined. The density of the gas is 
29*88 (H. - 2). Hence, 


One gram-molecule of nitric oxide weighs ..... 29*88 

One half gram-molecule of nitrogen weighs ' . . . . . 14' 01 

Equivalent weight of oxygen 15*88 


This number, 15*88, can represent one and only one atom of oxygen, atomic 
weight 16. The formula must, therefore, be NO. The vapour density 
agrees 'with this. Hence the term nitrogen dioxide for this gas appears 
to be a misnomer. The name nitrogen dioxide was given because nitric 
oxide contains twice a.s much oxygen for the same quantity of nitrogen as 
n itrogen monoxide — ^N 2O. 

ExA 3 ir.uo. — K, W. Gray (1905) found that 0*6430 gram of nitric oxide, when 
passed over hot finely divided nickel, increased the weight of the nickel 0*3430 
gram, and the liberated nitrogen, when condensed at the temperature of liquid 
air in coconut charcoal, furnished 0*3001 gram of nitrogen. What is the formula 
o.f nitric oxide taking P. A. Guye and 0. Davila’s (1905) number 1*3402 for the 
density of nitric oxidb wdien air is unity, or 30*0124 when oxygen is 32 ? Divide 
0"3430 by 16, and 0*3001 by 14*01, We get the atomic ratio 0*02144 : 0*02143, 
which is very nearly as 1 ; 1. If the formula be NO, the vapour density is 30*0L 
This agrees with the observed result. 

If nitrogen l)c a triad, and oxygen a,, dyad, th^^re must be one free 
valency in the graphic formula, — N=^.O..i:,'The facts a.re, if oxygen is 
bivalent, nitrogen behaves as if it were, also bivalent. The ready way in 
which nitric oxide unites with other elements by direct addition rather 
lends itself to the idea that nitric oxide hiaa a free valency. I¥itness the 
direct combination of nitric oxide with.oxygen at ordinary temperatures ; 
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and tlie direct combination of nitric, oxide with chlorine and fluorine 
forming respectively nitrosyl chloride, NOCl, and nitrosyl fluoride, NOF. 
The NO group is sometimes called nitrosyl, and compounds containing 
NO as a monad radicle, nitrosyis. In this sense, nitrogen peroxide may 
be regarded as nitrosyl oxide, NO.O ; and nitrous acid, nitrosyl hydroxide, 
NO— OH. 

Nitrosyl chloride, NOCI, when prepared by the slow union or gaseous 
chlorine and nitric oxide at ordinary temperatures, the speed of the 
reaction agrees with the assumption that the equation is 2NO -j- Cig = 
2NOCI. The speed of the reaction is greatly stimulated in the presence 
of dry granular charcoal between 40° and 50°. Nitrosyl chloride can 
be prepared in many other ways. by the action of phosphorus 

pentachloride, PClg, upon potassium nitrite : PCI 5 + KNOg = KOI 
+ POCI 3 4 - NOCl ; see also aqua regia, p. 623. Nitrosyl chloride is an 
orange yellow gas which condenses to an orange -coloured liquid at — 8 ° ; 
and freezes to lemon-coloured crystals at “65°. It is decomposed by 
water into nitrous and hydrochloric acids : NOCl + HgO ~ HNOg 4 
HCl. It has no action on gold and platinum, but it attacks mercury, 
forming mercurous chloride, HgCi, and nitric oxide ; it forms double 
compounds like SnCl^.NOCl ; FeClg.NOCi ; etc. The density of the gas 
at 0 ° is 65*456 (Og = 32) ; this datum has been employed for checking the 
atomic weight of chlorine, given N = 14, and 0 == 16, it follows that Cl = 
35*46. From measurements of the dissociation of nitrosyl chloride, and 
the union of nitric oxide and chlorine between 140° and 320°, M, Trautz 
(1913) considers that some other molecules are present — say, (NO) 2 Cl, 
(NO);jCl, or NOCig. Only between —72° and 40° does the brown gas 
consist wholly of molecules NOCl. 


§ 12. Nitrogen Peroxide, or Nitrogen Tetroxide. 

Molecular weight, NO 2 — 46*01 ; N 3 O 4 == 92*02. Melting point, --9® ; boiling 
point, 42 ^ 6 ®. Vapour density depends upon the temperature. 

History. — As indicated in discussing nitric oxide, R. Boyle (1G71) 
knew that nitric oxide formed red fumes in air, and these red fumes are 
mentioned in alchemical writings as the blood of the salamander. Since 
nitrogen peroxide is always formed during the preparation of nitric acid, 
nitrogen peroxide must have been recognized as a gas whenever nitric acid 
was made. J. L. Gay-Lussac (1816) first made its composition clear. 

Preparation. — ^As indicated above, this gas is formed when one volume 
of oxygen is mixed with two volumes of nitric oxide : 2NO 4 Og == 2 NO 3 . 
If the gas be led through a freezing mixture, the peroxide condenses either 
as a liquid or as a solid. Similarly, if the products obtained by heating 
a metallic nitrate (p. 629), say, lead nitrate, be similarly treated, this 
compound also condenses as a more or less impure liquid. Perhaps the 
best way of making nitrogen peroxide is to put, say, 200 grams of coarse 
lumps of arsenic trioxide, AsgO^, into a flask, and add 250 grams of nitric 
acid (specific gravity 1*4). Heat the mixture on a sand-bath, and lead 
the gases through a tower packed with glass wool. Fig. 211 , and finally 
into a U-tube surrounded by a freezing mixture of ice and salt. A dark 
blue liquid is condensed. This is a nai^ure of nitrogen peroxide with 



nitrogen trioxide, etc. 'RTieii the evolution of gas has ceased, pass a current 
of air or oxygen through the condensed liquid widle still in the freezing 
mixture until the liquid becomes yellowish-brow. In special cases, the 
yellowish-brown liquid can be further purified by mixing it with a large 

quantity of phosphorus 
pentoxide and strong fj W 

nitric acid. Decant | [ 

tiie nitrogen peroxide I 

from the syrupy liquid, I fl 

and redistil the mix- I J To fme 

ture^ by warming its I V . J 

hot water, and passing 1 

the gases through the Ij -i 

tower and condensing ^ ^ 

the • alleged ' nitrogen ~ , 

hexoxide is washed Fig. 21 1 . — Preparation of Nitrogen Peroxide, 
with liquid nitrogen 

was supposed by F. Raschig to be an isomeric form of nitrogen tetroxide 
which he called nitrogen isotetroxide. This product is said to be stable 
at but when the temperature rises to — 110 '^, it gives olf oxygen, 

and forms a mixture of blue nitrogen trioxide and white crystals of 
nitrogen tetroxide, N 2 O 4 . 

Action of heat on nitrogen peroxide. — ^At low temperatures nitrogen 
peroxide forms colourless prismatic needle-iiice crystals. The crystals 
melt to a colourless liquid at —9®, but owing to undercooling a tem- 
perature in the vicinity of — 30"^ is sometimes needed to solidify the Hquid. 
As the temperature of the liquid rises, it begins to acquire a pale greenish- 
yellow tint, which becomes deeper and deeper, until at 10 °, the liquid is 
distinctly yellow ; at 15°, orange ; and at 26°, the liquid boils and forms 
a reddish-brown vapour. The colour of the vapour becomes deeper and 
deeper until, at 40°, it is dark chocolate brown, and almost opaque ; at 
140°, the vapour is almost black. On cooling the vapour, the same changes 
occur in the reverse order. The effect seems to be connected with a change 
in the vapour density of the compound. The vapour density for N 2 O 4 
is 92-02 ; and for ISTOg, 46*01. The actual value of this constant passes 
from 84-7 at —72*6° and 115*4 mm. pressure, to 46*0 at 140° and 760 mm. 
pressure ; and for intermediate temperatures ; 

Temperature .... 26*7^ 60*2° l60-P 140'> 

Density {H^ ^ 2 ) . . . 76-6 69-0 46*2 46*0 

NO 2 molecules .... 20*0 60*0 79*2 99*0 100*0 per cent. 

Given the vapour density of the gas and the vapour density of each 
component, it is possible to calculate, by the subjoined method, the 
relative proportions of and NOg moleeules at any given temperature. 
Let a? denote the fraction of the total volume of the gas present as NOg, 
then I —X will represent the fraction of the total volume present as N 2 O 4 . 
The vapour density of is 46, and of 92. Hence if the molecular 
weight of the gas be M, that is, the vapour density, hydrogen 2 , we shall 
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hare M == 4dT + (1 


• .r)92. Hence unit volume of the gas mil contain 

m-M 


X ^ 


46 


volumes of YOo 



Example. — What proportion of nitrogen peroxide is present in i(>0 volumes 
of the gas wlxen the vapour density is 76*6 (Hg = 3) V Here, M — 76’6 ; and 
a; == 0*333, that is, the gas contains 33*3 per cent, by volume of NOo. 

Ill the preceding example, for every 0*333 volume of NO2 there is 0*667 
volume of Each molecule of the latter weighs twice as much as 

the former, so that the total weight of the gas must be 0*333 -f- 2 X 0*666 
== 1*667 units when there is 0*333 unit of NOo molecules present. Hence 
there will be 0*333 ™ 1*067 == 0*20 unit of NOg by weiglit ; or 20 per cent, 
of the total weight of the gas wiU be present a.s KG 2 molecules. The per- 
: proportion of NOo molecules in the gas at different temperatures 
is indicated in Eig. 212. It is there- 
fore probable : ( l ) Xbiourless nitrogen 
peroxide consists of N2O4 molecules, 
and coloured nitrogen peroxide of NOg 
molecules ; (2) At low temperatures, 
the molecules are mainly N2O4, and 
at high temperatures, KOo ; (3) The 
dissociation of N2O4 into NO 2 begins 
when the compound is in the liquid 
state ; and (4) Nitrogen peroxide be- 
low 140® is a mixture of N2O4 and 
NO2 moeleules, and just above 140°, 
of NO 2 molecules alone. 

By changing the pressure, keeping the temperature constant, similar 
changes occur. The less the pressure, the greater the number of NOg 
molecules. Again, when nitrogen peroxide is diluted with chloroform, 
the amount of N2O4 v/hieh dissociates increases with dilution as well as 
with rise of temperature. The freezing point of a solution of nitrogen 
peroxide in acetic acid corresponds with the molecule N2O4. 

The facts indicate that we are here dealing with two opi^osing reactions 
(p, 119) represented : 

2N02^N204 

The velocity of the right to left transformation is proportional to the con- 
centration of theN204 molecules (p, 117.) ; that is, the rate of dissociation 
of the N2O4 molecules is equal to kiG^ where 0^ denotes the concentration 
of the N2O4 molecules expressed in, say, gram- molecules per unit volume, 
and is the affinity constant, p. 119. Similarly, the rate of combination 
of the NO 2 + NO2 molecules is proportional to the concentration of the 
reacting NOg molecules per unit volume, that is, to hO x 0, where G 
denotes the concentration of the reacting NO 2 molecules. For equilibriuni, 
these two opposing reactions will be the same, and we shall, have : 
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212. — ^Bissociation Nitrogen 
Peroxide. 
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where K is the so-oaiied equilibrium constant. The experimental results 
In all eases indicate that the equation,ihs^obtained'4; » KGi represents 
the condition of equilibrium of the gas with respect to the distribution 
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of tlie two different kinds of molecules at different temperatures and 
pressmes. The nmnerical values of the affinity constants change with the 
teinporaturej but its value is constant for differences of pressure ; and the 
observed results agree with the formula = KC\, 

At about oOG"'"', an appreciable number of the dark brown molecules 
of NOo begin to dissociate into a colourless mixture of nitric oxide and 
oxygen : 2 NO 2 ™ 2N0 + Og (c/. p. 639). The action of heat on nitrogen 
peroxide may therefore be represented by the equations : 

About 20® Between 140® and 300® Above 500® 

N2O4 ^ 2NO2 2NO-h02 

Colourless. Dark brown. Colourless. 

Properties. — Nitrogen peroxide is a poisonous gas, and soon produces 
headache and sickness if but a little is present in the atmosphere. 

Nitrogen peroxide is not combustible, and it extinguishes the flame 
of a taper. Phosphorus, sulphur, and carbon, if burning vigorously, may 
continue burning in the gas, but only when the temperature of combustion 
is sufficiently high to decompose the gas. Nitrogen peroxide, is an energetic 
oxidizing agent. Phosphorus, carbon, potassium, mercury, copper, etc,, 
when heated in the gas, are oxidized, while the gas is decomposed. The 
gas liberates iodine from potassium iodide ; and it reduces permanganates, 
forming nitric acid. Nitrous oxide, indeed, is the only gaseous nitrogen 
oxide which does not decolorize aqueous solutions of potassium perman- 
ganate, Nitrogen peroxide resembles ozone and hydrogen peroxide in 
some of its reactions. The properties of these substances are compared 
side by side, see Table XXXV., p. 646. 

Action of water. — Nitrogen peroxide is decomposed by water. At 
low temperature, a mixture of nitric and nitrous acids is formed : N 2 O 4 
+ ==.' HNO 3 + HNO 2 , and with aqueous solutions of the alkdies, 

the corresponding salts are obtained. The solution of mixed nitrous and 
nitric acids is stable only when very dilute, otherwise the nitrous acid 
decomposes : SHNOg = HNO 3 -f 2NO -f HgO. Summarizing these two 
equations : BNOg 2HNO3 + reaction is reversible 

because v’hen nitric oxide is passed into nitric acid, nitrogen peroxide is 
formed. When “water is treated with an excess of nitrogen peroxide, 
the solution passes through a series of colour changes — blue, green, 
orange. This is due to the gradual solution of the nitrogen peroxide 
in the nitric acid formed as just indicated. If sufficient water be present, 
the solution finally becomes colourless. “With warm water, the nitrous 
acid decomposes into' nitric acid, and nitric oxide ; SNOg + ^ 

2 HNO 3 + NO. 

J. Priestley (1772) analyzed air by taking advantage of the fact that 
when nitric oxide is added to air, nitrogen peroxide is formed, and the red 
fumes are dissolved by potassium hydroxide. Hence, if nitric oxide be 
gradually added to a known volume of air, in presence of this alkali, the 
nitrogen peroxide is absorbed. The residual gas is nitrogen, all the oxygen 
is removed by the nitric oxide. This method is not often used because 
other processes are less troublesome. The, formation of acid when nitrogen 
peroxide dissolves in water ; and the formation of nitrogen peroxide by 
the action of oxygen on nitric oxide, ittay be illustrated by an apparatus 
fitted up as shown in Fig. 213* A little water is placed in the globe. The 
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globe is tben. filled with nitric oxide. The lower vessel is filled ’with water 
tinted with blue litmus. Oxygen is led slowly into the globe through the 
side tube. Red fumes of nitrogen peroxide are formed ; tliis gas is 
absorbed by the water and the pressure is reduced. The coloured writer 
rises from the dish into the globe to restore equilibrium. The blue litmus is 
coloured red by the acid formed in the globe. If everytliing is properly 
regulated, the globe ivili be nearly filled with water, and the fiivst rush of 
water will appear as a miniature fountain inside the globe. 

Nitimyi. — ^Nitrogen peroxide unites directly with coj>per, cobalt, 
nickel, and iron, forming the so-called nitro-metals. For instance, finely 
divided copper obtained by reducing the oxide in a stream of hydrogen, 

absorbs about 1,000 times its volume 
<^1* nitrogen peroxide, much heat is 
evolved, and brown solid coppei* 
r 'M ^ nitroxyl, Cu(N02)2» is formed. The 
\ u 'Sy ^^2 thus behaves as if it w'ere 

ecd a, monad radicle ; it is called nitroxyl ; 

and compounds containing the NO 2 
group are called nitroxyls. At 90°, 
copper nitroxyl is decomposed into 
metallic copper and nitrogen per- 
oxide : Cii{N02)2 ^ Cu 4- 2NO2. 

Composition. — In gaseous nitrogen 
■ .-peroxide,:; ,;:N6'2i::' ;'we';,hayer:; to assume 
Fig. 213.— Nitrogen Peroxide nitrogen is.quadiivaient, 

Fountain. 0=N— 0 ; or else that nitrogen is 

quinque valent, 0=N=0, with a 
free valency. There is no free valency difficulty with the compound 
N3O4, because two nitrogen atoms are here either quinquevalent ; or one 
is quinquevalent, and the other tervalent : 


The action of cold water on the peroxide forming nitrous and nitric 
acid seems to favour the second formula, viz. NO— 0— NOg. E. Divers 
argued in favom.’ of 0=N— 0 for the formula of nitrogen dioxide, and 
O : N.O— O.N : 0 for the tetroxide. Sometimes the nitrogen oxides are 
regarded as constituted like the water molecule with one or both the hydro- 
gen atoms replaced by univalent radicles NO or NO 2 ; thus : 


Water, Nitrous acid, ' , Nitrogen tri- Nitrogen tetrox- Nitrogen ];)entox- 
HjjO. HNOg. oxide, NgO^. ide, NgO^. ido, N206* 

Nitrogen peroxide appears to be a mixed anhydride of both nitric and nitrous 
acids. The composition of nitrogen peroxide can be established first by 
showing that it is formed by the .union of equal volumes of oxygen and 
nitric oxide, by the apparatus indicated Fig. 208, and by vapour density 
determinations. There are several organic compounds known in which 
nitrogen acts as a quadrivalent The oxidation of a mixture of 

potassium hydrosulphite and nitrite furnish^ a yellow salt with the 
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empirical composition (KSOgygNO, and a violet salt of the same composi- 
tion, The former is himoiecniar, and the latter quadrimoleciilar. In the 
former, the nitrogen behaves as if it were quadrivalent (KS03)2--=:N™0. 

§ 13. Nitrogen. Trioxide. 

Molecular weight, N^Og = 76‘02. Melting point, —111° * boiling point, 2° — 
wi th decomposition. The vapour density shows that the molecule decornpose^?. 

When a mixture ^ of nitric oxide and nitrogen peroxide is passed 
through a tube cooled to about —30°, a more or less impure form of nitrogen 
trioxide — NoOjj — condenses to a bluish liquid. As soon as the temperature 
rises, the liquid dissociates r NgOg — NO + NO^^ nitric oxide escapes, 
and leaves a residual yellow liquid of nitrogen peroxide. The melting- 
point curve of mixtures of nitric oxide and nitrogen peroxide . indicates the 
formation of a compound N20g melting at about — 103°. If more 
nitrogen peroxide be present, the melting point falls to the eutectic tempera- 
ture —112°. The trioxide is also produced by the direct union of solid 
nitrogen peroxide with nitric oxide ; and by the action of oxygen on 
liquid nitric oxide ; and as a green flocculent powder, resembling chromic 
hydroxide, when a series of electric discharges are passed tlirough liquid air. 
The trioxide, not the peroxide, appears to be formed when nitric oxide 
unites vuth oxygen at temperatures below —100°. Nitrogen trioxide is 
also formed when electric discharges are passed through liquid air. In 
this case, the solid trioxide separates as a pale blue amorphous powder 
which remains as a residue after the air has aH evaporated. The solid 
melts between —103° and —111° to a deep indigo blue liquid, which 
commences to decompose immediately the temperatm^e rises above —21°. 

The composition of nitrogen trioxide has been established by jmssing 
the products of its decomposition over heated copper, and weighing tlie 
copper oxide and the nitrogen (p. 634), It is supposed to be represented 
either by 

0<^lg ; or, 0=N-N<g 

The former agrees best with the fact that nitrogen trioxide forms nitrous 
acid in contact with a little cold water : N2O3 + HgO — 2HNO.>. Hence 
tlie gas is sometimes called nitrous anhydride. If the water is warm the 
nitrous acid decomposes, and nitric oxide and nitric acid are formed. 
According to H. B. Baker (1907), if the liquid be thorougldy dried, it 
vaporizes without dissociation, forming a gas which has a vapour density 
never below 76 (Hg — 2), but generally much above that number (N^Og). 
If this be confirmed, it is the only direct evidence we have of the existence 
of the gaseous nitrogen trioxide. The freezing-point method of deter- 
mining the molecular weight in acetic acid furnished W. Ramsay (1888) 
with numbers between 80*9 and 92*7 — theory for NgOg requires 76*02. 
Hence the liquid is partly polymerized. Many reactions formerly said to 
yiekl the trioxide really give a mixture of nitric oxide and nitrogen 
peroxide. 

^ The gas obtained by the action of nitric aoid upon arsenic trioxide (p. 640} 
is a mixture of nitric oxidb and nitrogen, peroxide in nearly the right piuportions. 
The same remark applies to the gas formed by the decomposition of a 20 per cent, 
solution of sodium nitrite with concentrated sulphuric acid. 
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Recapitulation.— Before dismissing the nitrogen oxides it will be found 
instructive to draw up a table of their comparable properties — omitting 
the hexoxide ; 

Table XXNY.— PbopebtiEvS op the Nitbooen Oxides, 



.'Nitrogen 

Nitric 

Nitrogen 

Nitrogen 

' Nitroge 


monoxide. 

oxide. 

trioxide. 

peroxide. 

peiitom 

Formula .... 

" ',N.O' ■ 

- ■ .N.0 -: ' 



N.O 

Atomic ratio N : 0 . 

' 2 : 1 

2.:.2 

. '2 :.3:, 

"2:-;' ,4- 


State of aggregation 

Gas- 

■ 'Gas.- 

Gas 

Lk[ui<l 

kSolid 

Colour of gas 

Colourless 

Colourless 

Reddish 

Depends on 

Wiiiie 




brown 

temperature! 


Melting lAoint 

- 102-7° 

- 167° 

- '111°". 

9», .1 

e. 30° 

Boiling point 

- 89-8° 

- 150° 


A 26«,-,4:,! 

'c.':47:.‘"' 

Vapoiu' density (H, 

44 

29*88 

Decom- 

Varies with 


- 2) 



poses 

tempera- 






ture 


Corresponding acid 

HNO 

None 

HNOg 

' None . " 

! .HNO, 


Nitrogen sulphides. — The sidphides have not been so thoroughly in- 
vestigated as the oxides. When a solution of dry ammonia in benzene is 
treated with sulphur cMoride, 'or when liq[uid ammonia acts on sulphur, 
long orange-red monoclinic crystals of nitrogen tetrasulphide can be 
obtained. The crystals have a characteristic smell, and decompose 
explosively at about 185^, although they may be sublimed without decom- 
position in vacuo at 100°. The molecdlar weight by freezing and boiling 
point methods — solution in carbon disulphide or benzene — corresponds 
with the formula N 4 S 4 . It is decomposed by cold water, forming ammonia 
and sulphuric and thiosulphuric acids. It forms addition compounds with 
chlorine, bromine, sulphur chloride, etc., N 4 S 4 CI, N 4 S 4 Br 4 , N 4 S 4 B 1 V,. 
When it is sublimed in vacuo over silver gauze, a him poli/rneride, N 4 S 4 , is 
formed. The constitution of the sulphide is unlmowm, but it has been 
referred to 

A deep red liquid is formed when the tetrasulphide is treated with carbon 
disulphide at 100°. The liquid solidifies between 10° and 11° to a mass 
resembling iodine. The liquid is thought to contain nitrogen penta- 

sulphide, Ns®s- 

Questions. 

L How would you prove that nitrous acid may act both as an oxidizing 
and as a reducing agent ? — London Univ, 

2. Give illustrations of the behaviour of different metals towards nitric acid.— ■ 

Aberdeen Univ, , 

3. Calculate the percentages of nitrogen and oxygen in the oxides of nitrogen 

and show what fundamental law of chemicai oombrnation they illustrate, — Prince- 
kun U.SA. ’ , ■' _ • .» 

4. 30 c.c. of a compound of nitrogen and oxygen were exploded %vith an 
equal volume of hydrogen 5 after the .essi^lo^on 30 c.o. of a gas which was pure 
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nitrogen remained. What is the composition (by volume) of the compound ? 
Show from the experimental evidence that the gas could xiot have been a, mixture 
of oxygen and nitrogen. — Vniv., North Wales. 

5. tVliat is the action of concentrated nitric acid on (a) tin ; (b) iodine; and 
(e) sulphurous acid solution ? — Nt, Andrews Vniv. : 

6. Knowing that ammonium nitrate when heated gives nitrous oxide, what 
gas would you expect to bo produced when ammonium nitrite is heated V — E. 
Galloway. 

7. is observed and what products are obtained when each of the following 
nitrates is heated until any decomposition which occurs is complete ; Copper 
nitrate, mercuric nitrate, ammonium nitrate, sodium nitrate ? How could 
nitrogen be isolated from one of these nitrates ? — Sheffield Univ. 

8. The weight of a shilling (British coinage containing 7*5 per cent, of copper) 
is 6 grams. How *ivouid you prepare pure silver nitrate from it, and how' much 
w'ould it yield tlieoreticaily ? — Oxjord Senior Locals, 

1). Outline the operations necessary for the production of licpiid nitrogen 
peroxide from dry lead nitrate. Describe cai'efully the changes in colour observed 
wlien nitrogen peroxide is heated until it becomes colourless, and subsequently 
cooled. What explanation can be given of these changes ? — Sheffield Univ* 

10. Gi\'c the preparation and properties of nitric oxide. Show liow tlie formula, 
of the gas may be deduced from the following data ; — 15*6 c.o. of the gas passed 
over heated copper give 7*8 c.c. of nitrogen ; the weight of nitric oxides which fills 
a certain globe is 3*75 gi’ams, the weight of an equal volume of hydrogen being 
0*25 gram. — Cambridge Senior Locals. 

11. Describe twm examples of reactions which may be brought about by 
(a) the electric current ; (b) the silent electric discharge ; (c) the electric spark ; 
and in any ivt-o instances describe exactly how the reaction may be carried out 
experimentally . — Loyidon U niv. 

12. Describe an analysis of nitrous oxide made by exploding the gas wuth an 
excess of hydrogen, and the residual hydrogen with oxygen ; and show how the 
molecular formula of nitrous oxide is inferred from the volumes of gas at the 
successive stages. — New Zealand Univ, 

13. Upon w'hat changes does the oxidizing action of nitric acid depend ? 
Mention three examples of its action. — London Univ. 

14. We see the formula of nitrogen peroxide sometimes wTitten NOg and some- 
times as N2O4. Which is the correct, and on. what experimental evidence is your 
opinion based ? — Punjab Univ. 

16, Chlorine and nitric acid are called oxidizing agents, and sulphuretted 
hydrogen and hydriodic acid are called redumig agents. Explain the "terms in 
italics and give examples illustrating the oxidizing and reducing action of these 
bodies. — Cambridge Senior Locals. 

16, Plot the specific gravity of solutions of nitric acid with their concentrations 
from the following data': 

’HNO^ (per cent.) . 3*7 10*68 30*88 59*39 72*17 82*90 99*67 

Bpecifio gravity . 1*020 1*060 1*190 1*370 1*430 1*470 1*520 

Indicate the percentage compositioii of solutions of specific gravity 1*170 and 
1*500. 

Axiswers*. 27*88 and 94*09. 


CHAPTER XXVIII 

Compounds op Xitrooen and Hydrogen 

§ 1. Ammonia — Occurrence and Preparation. 

Molecular weight, NH-j = 17*03. Melting point, —78° ; boiling point, —33*5°; 
critical temperature, 132*9° i 0*1°. Vapour density (H^ = 2), 16*97; 
(air — 1), 0*5971. One litre weighs 0*77079 gram under normal conditions 

History. — Ammonia was known to the early chemists, and Geber describes 
the prex^aration of ammonium cliloride by heating urine and common 
salt. Hence the alchemists’ term—fij>m^' 2 /; 6 ‘ salis tiriiim* Ammonium 
chloride was first brought to Europe from Egypt, where it was prepared 
from the “ soot ” obtained by burning camel’s dung. The name ammonia 
seems to he connected somehow with the Egyptian sun-god — ^Ra Ammon ; 
ammonium salts must have been known to the early Egyptian priests. 
The term sal ammoniac was one of the early names for ammonium chloride ; 
the equivalent term sal armoniacum which appears in the translations of 
Geber’s writings, and which was used for some time afterwards, was pro- 
bably a mis-spelling, since the term “ salt of Armenia ” — sal armoniacum — 
was applied to common salt and to native sodium carbonate. In 1716 
J. Kunckel mentioned the formation of ammonia during fermentation. 
S. Hales (1727) noticed that when lime was heated with sal ammoniac in 
a retort arranged to collect the gas over water, no gas appeared to be given 
ofi ; on the contrary, water was sucked into the retort ; when J. Priestley 
(1774) tried the experiment with a mercury gas trough, he obtained 
ammonia gas which he called “ alkaline air.” C. L. Berthollet (1785), 
H. Davy (1800), and others established the composition of the gas. 

Occurrence. — Small quantities of ammonia occur in atmosx)heric air 
and in natural waters. It is produced by the action of putrefying bacteria 
(p. 614) on organic matter in the soil, etc. The odour of ammonia can often 
he detected near stables. AmmCaiium salts are also deposited on the 
sides of craters and fissures of the lava streams of active volcanoes ; and 
with boric acid in the fumaroles of Tuscany, 

Preparation.^ — ^Ammonia can be obtained by reducing nitric acid, 
nitrates, or nitrites with nascent hydrogen (j). 625). For instance, by 
boiling a mixture of 25 grams of sodium hych'oxide in 70 c.o. of water, 
20 grams of zinc or aluminium turnings, a piece of bright sheet iron, and 
5 grams of nitric acid in a half-litre flask, ammonia gas is slowly evolved : 
4Zn + SISTaOH + HNO^ = 4Zn{ONa)p -f BHgO + NH^. The reduction 
of the nitric acid by the hydrogen liberated by the action of zinc on the 
alkaline solution (p. 113) is rather too slow to make this a suitable process 
64S''' 
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for making ammonia for “ lecture table experiments with the gas. The 
reaction, however, is rather important because upon it is based a method 
for determining tlie quantity of nitrites and nitrates in potable vater. The 
formation of ammonia during the rusting of iron has been confirmed by 
numerous observers since C. Bourdelin (1683) first mentioned the fact. 
The ammonia seems to be formed either by the action of nascent hydrogen 
on the nitrogen of the air : 2Fe -f OHoO -f Ng = 2Fe(OH);5 -f- 2NH3, or 
else by tlie reduction of nitrates commonly present in air : 8Fe + loHgO 
-f- 3HNO3 ~ 8Fe(OH)3 + 3NH3, The reduction of nitric acid by zinc 
is an illustration of the last-named process. Aluminium amalgam reduces 
concentrated solutions of the nitrites or nitrates to ammonia: SKNOg 
+ 8A1 + 21KOH = 3NH3 + 8K3AIO3 -f 6HgO. 

When ammonia gas is required for the laboratory, it may be obtained 
from a cylinder of liquid ammonia; by 
boiling commercial aqua ammonia in a 
flask- — ^Fig. 214, or by heating an intimate 
mixture of commercial ammonium chloride 
or ammonium sulphate with twice its 
weight of quicklime, CaO, or slaked lime, 

Ca(OH).,. The reaction is rex^resented : 

2NH4CiVCa(0H)2=CaCi3-h2H20+2NH3. 

Ammonia combines with the ordinary 
drying agents — calcium chloride, sulphuric 
acid, phosxihorus pentoxide — and accord- 
ingly these agents must not be used with 
the idea of drying the gas. A tower of 
quicMime, indicated in Fig. 214, is gene- 
rally employed. If a mixture of ammonium Fig. 21 4. — Preparation of 
chloride and quicklime is to be heated, a Ammonia, 

copper flask, without the tube funnel, 

Fig, 214, is preferable to glass since steam is liable to condense on the 
wails of the flask, trickle down, and crack the hot glass. Otherwise the 
disposition of the apparatus is similar. 

Ammonia is formed during the action of water on some of the metaUio 
nitrides — compounds of the metals, magnesium, calcium, lithium, beryl- 
lium, aluminium, etc., with nitrogen. For instance, with hot water: 
MgsNg + 6HgO = 3Mg(0H)g + 2NH3 ; and AIN -f 3HgO - Al(OH)3 
-j- NH3, etc. Lithium gives the most satisfactory results, but teclmicai 
difficulties prevent the industrial application of lithium. Aluminium 
nitride is used in Serpelds process for ammonia. The action of superheated 
steam on calcium cyanamide {q,v,) al^ furnishes ammonia : CaONg + 
3HgO OaCOs 4- 2NH3. The yield is 99 per cent, of that indicated by 
this equation. The process appears likely to have a commercial future. 

Ammonia is formed during the putrefaction of organic comxaounds, and 
when nitrogenous compounds — coal, leather, bones, etc. — are heated in 
closed vessels. The old term for ammonia — spintus corrms cervi {spirits of 
hartshorn) — refers to an old custom , of preparing ammonia by heating 
hoofs and horns of stags, etc., in closed vessels. The formation of ammonia 
by heating nitrogenous compounds, in closed vessels is particularly notice- 
able if the organic matter be heated with , soda lime — ^that is, quicklime 
slaked with a concentrated solution of .sodium hydroxide. In fact, this is 
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the principle of one of the standard methods for the determination oi 
nitrogen in organic matter. The ammonia is absorbed in suiplinric acid. 
Most of the ammonia of commerce is derived from the ainmoniacai liquid 
obtained as a by-product in the manufacture of coal gas {q.r.}, in the 
manufacture of iron in the blast furnace {q.v,), and of producm‘ gas. Tliis 
liquid is boiled with milk of lime, and the ammonia which is evolved is 
absorbed by dilute sulphiuic acid — 2NH3 -j- H2SO4 = (^114)0804. The 
ammonium sulphate so obtained crystallizes without evaporation when a 
sufficient concentration has been attained. It is removed by perforated 
ladles and recrystallized, or lieated with milk of lime, and the resuhing 
gas absorbed in distiUed water to form the aqua anmoyda of commerce. 
The solution of ammonia gas in water is conventionally styled “ ammonia.” 

aSdtrogen and hydrogen unite directly when a mixture of the two gases 
is subjected to electric sparks (Pig. 16*9). The reaction appears to stop 
when about 2 per cent, of ammonia has been formed, and 98 per cent, of 
gas remains uncombined. The converse result is obtained if ammonia gas 
be exposed to the electric sparks, 98 per cent, decomposes. The reaction 
is therefore reversible : 2NH3 ^ N2 + ^^^2* If water or acid be present, 
the ammonia is absorbed as fast as it is forined, and the reaction proceeds 
to an end. Ail the nitrogen and hydi'ogen combine. The two gases 
nitrogen and hydrogen also combine if heated in the presence of finely 
divided iron, manganese, imanium, tungsten, zinc, osmmm, etc. The 
reaction is exothermal: N,+ 3H == NH3 11’4: Cals. The amount of 
ammonia. gas in equilibrium decreases as the temperatime rises. This is 
just the opposite effect to that observed in the oxidation of nitrogen to 
nitric oxide. At 1000° the ammonia is almost comx>ieteiy decomposed. 
Thus, at atmospheric pressure, and at 30 atmospheres pressure : 

, Temperatiire . . . 700® 901® 974® 

Ammonia (i atm.) . 0*022 0*012 0*007 0*005 per cent, per volume. 

Ammonia (30 atms.)- 0*654 0*344 0*207 0*15 per cent, per volume. 

The amount of ammonia formed is considerably increased if the pressure 
be raised. G. Claude works at a higher pressure — 1 000 atmospheres. If the 
gases be kept in circulation so that the ammonia can be removed from the 
zone of the reaction, F. Haber (1906), working at 185 atmospheres pressure, 
obtained 90 grams of liquid ammonia per hour from a small model appara- 
tus. Good results have also been obtained with uranium carbide at 550° 
as a catalytic agent, and a.t 750°, and a pressure of 175 atmos}>heres. The 
process has recently been taken up by the Bad-ische Anilin und Bodafabrik 
for exploiting commercially, and the use of iron or molybdenum as a 
catalyst at 600° has been patented. 

Uses. — ^Ammonia is used in refrigerating machines ; m a cleansing 
agent on account of its property of . dissolving greases ; in the manufacture 
of soda by the Solvay process ; in chemical operations where a voiatilo 
alkali is needed ; etc. A carboy of ammonia (sp. gr. 0*88} holds 88--90 lbs. 
The commercial ammonia sells at about M* per ik, and the pure at 6|d 
per lb. The commercial aqueous ammonia can be purchased with from 
20 to 35 per cent, of HH3 by That with a Bpeeific gravity 0*88 

contains about 35 per cent. b£ The chief impurities are j^yridine, 

chlorides, sulphates, carbonates, phosphates, lime and magnesia^ and 
sulphides. 
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§ 2, The Properties of Ammonia. 

Ammonia is a coloiiriess gas with a pungent odour. If inhaled 
suddenly, it will bring tears to the eyes^ if large quantities be inhaled, 
sutlocation may ensue. Ammonia is a little more than half as heaw as air, 
and consequently, the gas is collected, like hydrogen, by the downward 
displacement of air. 

Action of water. — The gas is extremely soluble in water : one volume 
of water at 0 ° and 760 mm. dissolves 1298 volumes of gas, and at 20’, 
7i0 ^T^Iumes. The gas can all be removed from its aqueous solution by 
boiling. The great solubility of ammonia in water is illustrated by means 
of the apparatus indicated in Pig. 213, biit an ordinary flask will do. If 
a Jar of dry ammonia be collected over mercury, and carried on a dish 
of mercury into a tray of water, and the dish 
of mercury removed below the surface of 
winter, the absoiqition of ammonia is so rapid 
that the cylinder is often broken.^ The 
specific gi*avity of the solution of ammonia 
in water gradually decreases as the concen- ” 
tration of the ammonia increases. The 
freezing curves of mixtures of ammonia and 
water by P. P. Rupert (1909), Pig. 215, 
show three eutectics and the existence of two 
hydrates : ammonia semihydrate, 2 NH 3 .H 2 O, 
which forms small needie-lilie crystals melt- 
ing at —79’ ; and ammonia monohydrate, 

NligHjjO, corresponding with the so-called 
ammonium hydroxide, The latter 

compound forms needle-like transparent 
crystals melting at --79’. Solutions of 
ammonia containing 25 to 60 per cent, of ammonia are very viscid at 
temperatures below —60’. 

Considerable heat is evolved during the solution of the gas : NHg 4* 
Aq ^ NH^Aq 4* 8‘4 Cals. If a rapid current of air be driven through a 
cold solution of ammonia in water, the heat absorbed as the ammonia is 
expelled from tlie solution wail reduce the temperature so as to freeze 
a small globule of mercury. The production of cold is best demonstrated 
by blowing air through a solution of ammonia standing on a few drops 
of w^ater on a block of wood. The beaker will soon be frozen to 
the block of wood, Carre’s ice machine is a time-worn application of the 
principle. 

Refrigeration. — The heat of eva|)oration of liquid ammonia is 5*7 
Cals, at —33’. This means that 17 grams of liquid ammonia at —33’ 
requires 5*7 Cals, of heat before it can pass into a gas at —33’. Other- 
wise expressed, w'hen the gas is liquefied, heat is liberated; and con- 
versely, heat is absorbed when the , liquid is vaporized. If, therefore, 
liquid ammonia be evaporated, a relatively large amount of heat is 
absorbed from its surroundings. Advantage is taken of this fact in the 
preparation of artificial ice, cold storage, etc. Ammonia gas is liquefied by 

^ Ooiisequently the hand is protected by holding the cyliader with a piece of 
cloth. ' ■ . .VV' 
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Fig. 216. — Freezing Curves of 
Aqueous Ammonia, 
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coznpression in the ‘‘ condensing coils hj means of a pump ; tlie heat 
generated as the gas liquefies is conducted away by the cold water flowing 
over the condensing pipes, Fig. 216. The liquid ammonia runs into coils 
of pipes expansion coils ” dipping in brine. TJie pressure is removed 

from the liquid am- 
..the: "ex- 
pansioii coils, ... ' and., 
the h.eat.absorbed'.by ' 
the': 'rapidly ' evapo,- ' 
rating ' liquid,.;.': 'cools,.: 
the brine below 
zero'.',:' ' The" gas'.'. from,,: 
t h e ' evaporating , 
.liquid,. .''iS:'..; pumped 
back into the ..,,eo.n- 
dtmsing, coils ; ., ' „ and 
''so'.''dh.e. 'process" 'is' 
continuous. , ■ . "C a' n . s .. 
of w'ater placed in 

Fig. 216. — Refrigeration Plant (Diagi’ammatic). the brine are frozen 

into cakes. In cold 

storage rooms, the cold brine circulates in coils near the ceiling of the 
room to be cooled, and returns to the cooling tank. Sulphur dioxide and 
carbon dioxide are also employed for refrigeration; but ammonia is 
more generally used. 

Double Compounds, — Aqueous solutions of ammonia often act very 
like solutions of the alkali hydroxides. Thus, with ferric chloride : FeGl3 
+ 3NH4OH ~ Fe(OH)3 + 3NH4CI ; in other cases, the ammonia reacts 
with the salt to form soluble or insoluble complex or double salts. 
Ammonia is absorbed by calcium chloride, zinc cidoride, silver chloride, 
etc., forming double or complex com,j)ounds. For instance, with silver 
chloride below 15°, ammonia forms AgCl.SNHg ; above 20°, 2AgCL3!NH3 ; 
with calcium chloride, CaCi2.2NHs ; CaCi2.4NH3 ; CaClg.SNH^; and 
with aluminium chloride, compounds with 1, 3, 5, 6, azid 9 molecules of 
ammoriia have been reported. Hundreds of complex compounds of the 
mercury salts with ammonia have been reported. 

Liquid and solid ammonia. — ^It is sometimes claimed that the first known 
liquefaction of a gas was the condensation of ammonia by M. van Marum 
about 1792. There was, however, L. Clouet and G. Mongo’s liquefaction 
of sulphur dioxide before 1782. If the compound of sih^er chloride with 
ammonia be heated in one leg of a V-shaped hermetically closed tube 
immersed in water, Fig. 109, and the other leg immersed in a freezing 
mixture — ^say calcium chloride and ice — ^the ammonia gas condenses in the 
cold leg of the V-tube to a colourless limpid liquid. Like water, liquid 
ammonia is a bad conductor of electricity. The liquid boils at —33 *5°, 
and solidifies to white transparent crystals at —78°. The specific heat 
of liquid ammonia and the heat of fusipn of the solid are greater than the 
corresponding constants for water; and the heat of volatilization and 
the critical temperature and pressing are higher than for any other liquid 
except water, 

Cbddation of ammonia. — Ammonia is a non-supporter of ordinary 
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combustion and it is incombustible in air. It bums in oxygen, forming 
nitrogen, water, and small quantities of ammonium nitrate, and nitrogen 
peroxide. If ammonia be mixed with oxygen, sa}?-, by bubbling a stream 
of oxygen through a small quantity of concentrated ammonia warmed in a 
flask, the gas issuing from the flask can be ignited ; it burns witli a yellow 
flame. In a few moments the solution in the flask will be too dilute to 
show the flame. By sending a jet of ammonia into the air-holes of a 
Bunsen’s burner, the flame will be found to expand, and acquire a yellow 
tinge. The effect is shown better by delivering a jet of ammonia into 
the centre of the tube of a Bunsen’s burner. If a stream of oxygen 
be sent into a cylinder fitted as shown in Fig. 217, and a stream of ammonia 
be sent into the same cylinder through a wide glass tube, the ammonia 
can be ignited, and it wiU burn with a yellowish flame. In K. Kraut’s ex- 
periment (1865), a stream of oxygen is sent through a concentrated solution 
of ammonia in a beaker 
in which is suspended 
a spiral of thin (-J mm.) 
platinum wire (recently 
ignited), Fig. 218. If 
the current of oxygen 
be very slow, the plati- 
num wire will glow red 
hot, and the beaker 
wiU soon be fiUed with 
brown fumes of nitro- 
gen peroxide. If the 
current of oxygen be 
faster, a smaU ex- 
plosion wiU occur every 
now and again: the 
first explosion will be 
stronger than the 




Fig. 217. — Gombiastion 
of Ammonia. 


Fig. 218, — Kraut’s 
Experiment. 


second, the second stronger than the third, etc., and the solution in the 
beaker will be found to contain both ammonium nitrite and nitrate. Here 
the platinum acts as a catal3rtic agent (p. 160). If a mixture of ammonia 
and air be passed through a tube (Fig. 210) containing hot platinized 
asbestos, nitric oxide is formed : iNHg -f* = OH^O -f 4:NO, The 

air is driven through a warm solution of ammonia and then passed 
over the platinized asbestos. The nitric oxide is subsequently oxidized 
to nitrogen peroxide, and then to nitric acid. The experiment is due 
to Kuiiimann, If the current of gases be slow, the temperature of 
the platinum is raised so high that the nitrogen oxides are decom- 
posed According to W. Ostwald, the best temperature for a maxi- 
mum yield is about 300°. This principle is applied at a works near 
Bochum for the manufacture of nitric acid from ammonia. A mixture 
of ammonia and oxygen explodes violently when ignited : 4NH3 + 20 ^ 
=:2N2 + flD'20. An aqueous solution of ammonia is oxidized to ammonium 
nitrite and nitrate and hydrogen peroxide by ozone. An ammonium 
peroxide, (NH4)202, analogous with sodium peroxide, has been prepared. 
It dissociates at temperatures exceeding 10°. ^ 

Action of ammonia on the metals.— ^Yhen magnesium is heated in 
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ammonia gas, it forms magnesium nitride, MggKg. As indicated on p. G49, 
the nitrides give ammonia when treated with water. Severcil other 
nitrides are known, e,g. CagNa, AIN^ etc. When ammonia gas is passed 
over hot sodium, a compound NHaHa — sodamide — is formed. Sodamicle 
is made by heating, say, 3 grams of metallic sodium in a deep nickel boat, 
in a combustion tube, or iron vessel, between 300° and 400° in a current of 
ammonia dried by passing it through a tower of soda lime. H^^drogen 
mixed with the excess of ammonia escapes. The reaction is represented ; 
■ 2 NH 3 -h 2Na = 2 ]S[H 3 Na + Hg. The amides of potassium, sodium, etc., 
are usually decomposed by water, forming ammonia, and the hydroxides 
of the metals: Rb]SiH 2 + H 3 O = RbOHH™ NHg. The existence of 
compounds like 


/H 
■ Nf-H 

Ammonia. 


/Na 

Sodamide. 


Nf-K 


/Ag 

NfAg 

Ag 


Mg<: 


■N-Big,:, 


Potassium Silver nitride. Magnesium nitride, 
nitride. 


is sometimes cited as evidence that ammonia is a feeble tribasic acid. This 
statement turns on what definition of an acid be adopted. In any case 
it has been shown, p. 167, that a compound may be an acid under one set 
of conditions, and a base under another set. 

Action of chlorine on ammonia. — Chlorine decomposes ammonia 
gas, forming nitrogen {g-v.) and hydrogen chloride. The latter unites 
with the remaining ammonia, forming ammonium chloride. The complete 
reaction with an excess of ammonia is therefore represented : SNHjf + 
SCig = ONH^Cl + Ng. If ammonium chloride be treated with an excess 
of chlorine — say, by inverting a jar of chlorine over a warm (30°“-'40°) 
concentrated solution of ammonium chloride'— yellow oily drops of nitrogen 
chloride, ISICI 3 , are formed; NH 4 CI + 3CL = NCI 3 + 4HCL The 
reaction is endothermic : N + 3 Ci = NCI 3 — 42 Cals. H^nce, in pre- 
paring nitrogen by the action of chlorine on aqueous ammonia, if the 
current of chlorine be continued after all the ammonia has been converted 
into ammonium chloride, the unmanageable exp>losive, nitrogen chloride, 
may be produced. When an ammonium chloride solution is electroly/^ed, 
the ammonium cation breaks down into ammonia and hydrogen at the 
cathode, and the chloride liberated at the anode reacts with the ammo- 
nium chloride forming drops of the same violent explosive, nitrogen chloride. 
Nitrogen chloride is one of the most explosive substances known. It was 
discovered by P. L. Bulong in 4811, who continued to work on it aftdr it 
had caused him the loss of three fingers and one eye. It explodes violently 
when in contact with many organic substances ; exposure to sunlight ; 
and also spontaneously. Nitrogen chloride is also formed when a solution 
of ammonium chloride is electrolyzed ; it is also formed when a lump of 
ammonium chloride is suspended in a concentrated solution of hypochlorous 
acid, HOCl, and since nitrogen chloride is hydrolyzed by water into am- 
monia and hypochlorous acid, the reaction NHg + 3HOCi ^ 3HOH 4* 
NCls, must be reversible. The compound is more stable when it is dis- 
solved in certain solvents, say carbon tetrachloride, CCi^. Concentrated 
hydrochloric acid and ammonia both decompose nitrogen chloride, forming 
ammonium chloride and ohloiine in the one case, and ammonium chloride 
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and^ nitrogen in the other. MonocMoramide— NHoCl—is obtained by 
adding, say, 50 c.c. of a solution of 3*7 grams of sodium hypochlorite — 
free from an excess of chlorine — ^to 100 c»c. of an aqueous solution containing 
0*85 gram of ammonia. The liquid ceases to smell of ammonia, and in its 
place, a ^penetrating smell of monochloramide, NHoCi, is developed: 
NHg 4- NaOCl = NaOH + NHgCL' ■ Some nitrogen is at the same /time 
evolved owing to the decomposition of the monoehloramide : SNHgCi 
™ N2 "h NH4CI + 2 HCL The relation of these compounds to amnioiiia 
will appear from the graphic formulse : 

/H .Na /€i ^-Ci 

NeH NeH Nfs Neci 

Ammonia, Sodamide. Ohloramide, Nitrogen chloride. 

Nitrogen iodide, N2H3I3. — The chocolate coloured amorphous powder 
of nitrogen iodide obtained by the action of aqueous solution of ammonia 
upon iodine — either solid or in solution — ^was once thought to be NI3, 
analogous with nitrogen chloride, NCI3. The compound decomposes 
readily both in diffused daylight, and in the presence of the liquids em- 
ployed in washing the powder prior to analysis. An exact determination 
of the composition of the pure substance is therefore difficult, and different 
results have been obtained with slight variations in the mode of prepara- 
tion. Many have demonstrated that the compound contains hydrogen ; 
and, in consequence, the formula has been variously given as N0H3I3, 
NH2I, NHIg, NH3I2, etc. 

Nitrogen iodide is prepared in a state of purity by the action of ammonia 
upon an aqueous solution of potassium hypoiodite, KID, in the presence 
of excess of potassium hydi’oxide. If the solutions employed be not too 
coDcentrated, nitrogen iodide separates in brownish-red crystals with the 
ultimate composition : N2H3I3. This may mean that the substance is a 
compound of nitrogen iodide and ammonia — : NI3. The reactions 
just indicated throw some light on the constitution. In the first case, 
ammonium hypoiodite is probably first formed by the action of ammonia on 
the solution of iodine : Ig + 2NH4OH = NH4IO NH4I + HgO ; and 
with potassium hypoiodite : KIQ -f NH4OH = NH4IO -f KOH. The 
unstable hypoiodite spontaneously decomposes, producing the compound 
in question : 3NH4IO ^ N2H3I3 -f NH4OH + 2 B, 0 . This reaction is to 
some extent reversible, and a small quantity of ammonium hypoiodite is 
reproduced when nitrogen iodide is suspended in dilute ammonia and 
exposed to light. 

The main action during the decomposition of nitrogen iodide in light 
is a simple decomposition into nitrogen gas and hydrogen iodide : NgHgl^ 
= Ng + SHI. The action is further complicated by the interaction of the 
hydrogen iodide with the stiU undecomposed solid. Dry nitrogen iodide 
exposed to light behaves in a similar manner. Nitrogen iodide is rapidly 
decomposed by acids and alkalies. Although moist nitrogen iodide can 
be handled without much danger of plosion, the diy compound is very 
explosive. Explosions are said to have been produced as a result of 
the shock of a failing dust-paiiiicie, and by a fiy walking over the dry 
powder. , 
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Ammonia as a base.— One of the most striking properties of ammonia, 
chemically speaking, is the basic character of its aqueous solution. The 
aqueous solution turns red litmus blue, yellow tumeric paper brown, 
conducts electricity, and in general reacts like a base. Indeed it is supposed 
that a molecule of water combines with a molecule of ammonia to form 
a solution of ammonium hydroxide : NHg + H^O = NH4OH. Hence 
aqueous ammonia is sometimes called ammonium hydroxide. If the 
aqueous solution of ammonia he neutralized with an acid — ^nitric, sul- 
phuric or hydrochloric acid — ^the corresponding ammonium salt is formed 
— ammonium nitrate, NH4NO3; ammonium sulphate, NH4HSO4, or 
(NH4)2S04 ; ammonium chloride, NH4CI. It will be observed that we 
are here dealing with a univalent radicle, NH4, which is called ammonium. 
The assigning of the name does not make this radicle any less hypothetical 
than if it were nameless. The fact that ammonium appears to form a 
series of salts closely analogous with the salts of sodium and potassium 
has instigated many to seek for a compound, NH4, with a corporeal 
existence. 



§ 3. Ammonium Amalgam. 

When a little m^cu^T^amalgam, A, Fig. 219^containing about one 
per cent, of sodium or potassium'Jis placed in a solution of ammonium 
chloride, the mercury swells up injS a frothy mass, illustrated in R, Fig. 
219, thirty times its original volume. The inflated mass can be compressed 
or expanded by raising or 
lowering the pressure. Again, « ^ 

if mercury be brought into a B \ 

concentrated aqueous solution T % 

of ammonium chloride, and a % 

current of electricity be passed 

through the solution in such a lI'S 

way that the cathode dips into * ^ 4 

mercury (Pig. 220), the mercury 1 


Fig. 219. — Ammonium Amalgam. Fig. 220- — Ammonium Amalgam. 


swells up in a similar manner. If the temperature be kept below the 
amalgam shows little tendency to inflation. 

H- Moissan assumed that the amalgam is a compound of ammonia with 
mercury hydride since sodium amalgam containing sodium hydride readily 
reacts with aqueous ammonia with an increase in volume, while sodium 
amalgam alone gives hydrogen without appreciably changing its volume. 
Sodium amalgam, like that of ammonium, swells up in contact with a 
solution of ammonium salts. The argument is inconclusive. Others 
consider that the amalgam is a mere iohition of ammonia and hydrogen in 
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mercury. Against this view it is urged that (1) neither of these gases 
{ ammonia or hydrogen) alone or mixed together will dissolve in tliis manner ; 
(2) the gases bear to one another the ratio 2NH3 : Hg. There is not much 
in this argument, because if electrolytic gas were bubbled through a soap- 
solution, the gas obtained from the froth would have a constant composi- 
tion. (3) When ammonium amalgam prepared at 0° is brought into con- 
tact with cold solutions of copper, cadmium, or zinc sulphate, some of 
the metal is precipitated and ammonium sulphate is formed : it is supposed 
that: 2NH4 4- CUSO4 = Gu -f- (NH4)2S04, higher temperatures 
no ]3reci|)itation occurs. Neither zinc nor cadmium are reduced to the 
metal by hydrogen or ammonia. (4) At low temperatures, 0°, the NH4 of 
ammonium amalgam can expel sodium from its amalgaxns ; similarly the 
alkali and alkaline earth metals are displaceable from their amalgams. 
Hence ammonium amalgam here behaves like other metal-amalgams. The 
conclusion is that the so-called ammonium amalgam is a true amalgam 
and that the constituent NH4 has the properties of an alkali metal, for its 
behaviour is quite analogous with that of potassium in potassium amalgam, 
or sodium in sodium amalgam. The solution of ammonium NH4 in 
mercury decomposes into mercury, hydrogen, and ammonia when warmed 
above 0“. These gases, entangled with the mercury, cause the frothing. 

The sulphonium bases, SR3'OH, of organic chemistry are related 
to hydrogen sulphide, HgS, similar to the way ammonium hydroxide, 
NH4OH, is related to ammonia, NHg. 

§ 4. Ammonium Salts. 

Elements and compounds totally unlike in almost every particular display 
a great degree of similarity by suitably modifying their attractive power 
by combining them with suitable radicles. — G. Mabtin, 

No two elements are more unlike chemically than one of the alltali 
metals and nitrogen, but by combining nitrogen vdth four atoms of hydro- 
gen, the properties of nitrogen are completely transformed, and the 
resulting radicle, ammonium, has properties which bear a most perfect 
analogy in a whole series of compounds and reactions with those of the 
alkali metals. The ammonium compounds are therefore classed with the 
alkali metals. The ammonium salts are usually very soluble in w^ater, and 
when the solutions are boiled, partial decomposition occurs. The solution, 
originally neutral, may become acid owing to the volatilization of more 
ammonia than acid. When the ammonium salts are heated with the fixed 
alkalies — ^potassium or sodium — or calcium hydroxides, or calcium oxide, 
the ammonia is volatilized. Hence the old term volatile alkali for ammonia. 

Identification of ammonia and ammonium salts. — (1) When the 
salts are heated with an alkali or lime, the characteristic smell of ammonia 
is obtained. (2) With hydrochloroplatinio acid, they give a yellow 
precipitate of ammonium chloroplatinate, (3) Nessler’s reagent gives 
a yellow coloration. The intensity of the tint with a given concentration 
is nearly proportional to the amount of: ammonia present. 

Ammonium sulphate. — ^This salt is usually made from ‘‘gas liquor” 
as indicated on p. 873. It is also formed by the neutralization of ammonia 
with dilute sulphuric acid. It is used principally as a fertilizer, and also 
in the manufacture of ammonium compounds. Hence, in the words of 
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A. W. Hofmann, after the lapse of countless ages, the nitrogen of pet, rilled, 
fern forests {i.e, coal) is resuscitated in the ammoniacal liquor of the ga,s 
works to Tegetate once more, and increase the product from our cornfields. 

Ammonium nitrate. — Four different types of crystals are known, eacti 
type has a definite transition temperature. The ordinary crystals are 
rhombic, and isomorphous with potassium nitrate. The heat of solution 
is : 2NH.^N03 + 400 Aq = - 12*6 Cals. If 60 parts of the salt he 
dissolved in 100 parts of water at 13°, the temperature of the liquid falls 
to about —13° ; and if the water be at 0°, the temperature of the li(|uid 
falls to about —16°. Hence a mixture of ice and ammonium nitrate^ is a 
valuable freezing mixture for reducing the temperature below the feezing 
point of water. A mixture of ice and common salt is oft cm used for thc^ 
same purpose. When heated, the salt melts at about 166", an,d the 
solution appears to boil at 180°, this is because the salt is decomposing, 
forming nitrous oxide. If sharply heated, by throwing a ciystal on a 
red-hot surface, the salt deflagrates, and it may be exploded by means of 
a detonator. The explosion is more violent if the nitrate be mixed wiili 
some oxidizable substance, say naphthalene. This salt is used chieily 
in the preparation of nitrous oxide ; and in the manufacture of fireworks 
and safety explosives — so called because the temperature of the explosion 
. is low compared with that of gunpowder. For instance, the expiosSive 

ammonite ’’ is said to contain between 80 and 90 per cent, of this salt* 
Ammonium nitrite. — This salt is made by saturating an aqueous 
\ solution of ammonia with nitrous acid, or by adding silver nitrite to a 

r solution of ammonium chloride. When heated the solution decomposes 

into nitrogen and water, so that the crystals cannot be prepared by evapora- 
tion in the ordinary manner. The solid can be obtained by evaporating 
a clear aqueous solution of the salt over sulphuric acid m vacuo at ordinary 
temperatures ; or better, by adding ether to an alcoholic solution of tlie 
salt when crystals of ammonium nitrite separate. Veiy little gas is 
’ evolved if the salt be heated in vacuo below 40° ; on cooling most of the 

salt erj^stallizes ; at 70°, the salt slowly decomposes and a large part 
; sublimes. 

i Ammonium chloride. — If ammonia gas be brought in contact ^vith 

hydrogen chloride, dense white fumes of ammonium chloridt^ arc forn,ied : 

NH3 + HCl = NH^CL This can he illus- 
trated by placing a bottle of aqueo\is 
ammonia alongside a bottle of hydrochloric 
acid, and blowing across the mouth of the 
one bottle to the other, Aminoiuum 
chloride is made by mixing an aqueous 
solution of ammoi,iia and hyiiroehloric acid, 
.and by passing ammonia gas into dilute 
hydroehloric.acid. The last-named prexjoss 
is usually employed, on a manufacturing 
Fig. 221. —Sublimation of scale. The crude product is purified bv 
■ mmonmm Chloride. heating the solid in a largo iron or earthen- 

ware pot with a dome-shaped cover, Fig, 22 1 . 
The ammonium ,cIiIoride volatiliz^ : and the solid condenses as a white 
. crystallin© fibrous mass .inside the; cover. Most of the impurititti remain 
in the vessel ^ The process of vaporizing a solid and eondenang the 
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vapour back to tlie solid condition is called sublimation* Ammonuim 
chloride is a whiter granular, fibrous, crystalline solid, with a sharp saline 
tast.e. It dissolves in water and. at;- the same time lowers the temperature. 
The lieat of solution is — S’l Cals* ■ The solid imdergnes a change at 159° 
whereby" it contracts in volume ; ammonium bromide undergoes a siinilar 
change at 109"^ ; and ammonium iodide does not change. ABimonium 
chloride is used for charging Leclanche cells ; as a constituent of solder- 
ing fluids, to protect metals from oxidation during the soldering. It is 
also usc'd in galvanizing iron, and in the textile industries. 


' g 6. The Dissociation of Ammonium Chloride. 

The vapour density -- 2) of ammonium chloride at 350° is 20*04; 
and iit 1040 % 28*75. The theoretical value for the molecmle NH^Cl is 53*5. 
II(‘nee we cannot be dealing with that molecule at the temperatures named. 
Suppose the vapour of ammonium cMoride be dissociated so that a mixture 





I Askstos : ' 


Fio. 222. 


Fio. 223. 


.Dissociation of Ammoniiim Clfloride, 

o,f equal volumes of ammonia and hydrogen cMoride is formed correspond- 
ing with NH 4 C?i = NH.'j "f HCL The vapour density for complete 
disHociation would theii be 26*75, .that is, half the value for NH 40 i — that is, 

I of (17 -|- 36 * 0 ). The experimental result thus shows that dissociation is 
nearly complete. Applying t he method of p. 640, it follow s that the vapour 
contains about 17 per cent* of ammonium chloride, and 83 per cent, of 
a mixture of eqTial volumes of ammonia and hydrogen eJdoride, 

Aceording to H, B, Baker {1894), if the vapour density be determined 
in a vessel of .Iiard glass with a thoroughly dried sample of amnionium 
chloride, the number is quite normal, namely, 53*4* This shows that the 
dry salt does not dissociate quickly enough to affect tlie determination. 
Obviously, too, tlio moisture is a catalytic agent which accelerates not only 
the dissociation, but also the formation of ammonium chlorida from 
ammonia and hydrogen chloride. The constituent gases were dried so 
thoroughly by H. Tramni that they' did not unite at ordinary temperatures. 
Gorifirmato.ry evidence that ammomum-'chloride dissociates when heated is 
as follows : (i) When the component 'ghsea- are bi^ought together at' about 
400", no heat is evoh^ed, and there is' no' concomitant sign,' of chemical 
combination. '(2) The heat^ absorbed, in yolatilisslng ammonium' cMoride 
and the, heat evolved wheiv.thia .salt fomed from ammonia and' 
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hydrogen chloride are the same; (3) The mixture of the component 
gases in the vapour can be separated by mechanical means. 

L. von Bebai illustrated the dissociation of ammonium chloride under 
ordinary conditions by taking advantage of the difference in the 
speeds of diffusion of the two gases ammonia and hydrogen chloride. 
The process of atmolysis (p. 129) can be used. Let the stem of a 
clay pipe be fixed by corks in a hard glass bulb-tube with some solid 
ammonium chloride in the bulb, as illustrated in Eig. 222, The mouth- 
piece of the clay pipe is connected with a rubber blower. One cork is 
fitted with an exit tube. A strip of red and a strip of blue litmus paper 
are placed in the bowl. When the ammonium ciiloride has been heated 
for a short time, blow a very gentle current of air through the stem of the 
pipe. The red litmus will be coloured blue by the ammonia gas which 
diffuses through the porous earthenware much faster than the hydrogen 
chloride. The issuing vapour of ammonium chloride reddens blue litmus. 
Another instructive way of showing the same phenomenon is as follows : 
Place a little ammonium chloride near the middle of a piece of hard tube 
(Eig. 223), and a little lower down the tube place a piece of blue litmus 
paper. Place a loose plug of asbestos a little above the salt, and then a 
piece of red litmus paper. Heat the ammonium chloride. The ammonia 
being the lighter gas diffuses more quickly than the hydrogen chloride. 
Consequently, when the ammonium chloride is heated, the blue litmus 
will be reddened by the excess of slow diffusing hydrogen chloride in the 
lower part of the tube ; and the red litmus will be blued by the ammonia 
which passes to the upper part of the tube before the hydrogen chloride. 

§ 6. The Composition of Ammonia. 

1. By explosion with oxygen. — Repeating old experiments by M. von 
Marum and by C. L. BerthoUet (17S5), if ammonia gas be sparked in an 
apparatus, say, Eig, 170, the volume of the gas will be nearly doubled in a 
short time owing to the dissociation : 

2NH3 ^ Ng + 3H2 

2 volumes 4 '^ol^mes 

As indicated above, about 98 per cent, of the gas dissociates in this manner. 
Mix the dissociated gas with sufficient oxygen to give an explosive mixture 
with the hydrogen, and spark the mixture. The contraction will indicate 
the amount of water in the gas. B.g. 


Volume of ammonia 10*0 c.c. 

Volume after sparking . . ... . . . . 19*9 c.c. 

Volume after adding oxygen . 72*3 c.c. 

Volume after the explosion . ... . , . . 4-9*0 c.c. 

Contraction . , . . 22*4 c.c. 


Excluding from consideration the very slight oxidation of the nitrogen, 
and the imperfect decomposition of the ammonia by sparking, the con- 
traction shows that 22*4 c.c. of water, has. been formed, two- thirds of this, 
14*9 c.c., represents the hydrogen obtained from the 10 c.c. of ammonia 
used for the experiment. Hence lOloiC* of ammonia furnish very nearly 
14*9 C.O. of hydrogen and 5 c.c. of nitrogen, that is, three volumes of 
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hydrogen per volume of nitrogen — within the limits of the experimental 
error. ■ 

2. By electrolysis. — If a concentrated aqueous solution of ammonia 
be electrolyzed (Fig. 18), nitrogen is evolved at the anode and hydrogen 
at the cathode. The two gases are evolved at the electrodes very nearly in 
the proportion of one volume of nitrogen for three volumes of hydrogen. 
The aqueous ammonia does not conduct very well unless a little ammonium 
sulpliate or other ammonium salt be dissolved in the solution. A solution 
of ammonia in a saturated solution of ammonium nitrate furnishes a 
good electrolyte for this experiment. 

3. By A. W. Hofmann^s volumetric method (1865). — In this old 
experiment, a tube, Fig. 224, divided into three equal parts, is fiEed witii 
chlorine gas, and concentrated aqua ammonia *is run through the tap 
funnel A, drop by drop, until the reaction between the chlorine and the 
ammonia ceases. The Erst drop of ammonia gives a 
yellowish-green flame; as more ammonia is added, 
dense clouds of ammonium chloride are formed ; much 
heat is evolved. Hence it is best to make the experiment 
w'ith the tube immersed in a cylinder of winter. When 
an excess of ammonia has been added, neutralize the 
excess with dilute sulphuric acid. The gas in the tube 
was originaily at atmospheric pressure, it is now under 
reduced pressure. To restore equilibrium, a long tube 
is fllled with dilute hydrochloric acid, and the long leg 
allowed to dip in a beaker of dilute hydrochloric acid 
'while the short leg is attached to the funnel as indicated 
in the diagram. Fig. 224. Open the stopcock, and liquid 
viE run into the tube until it reaches the second mark on 
the tube. The tube now contains one volume of nitrogen. 

The interpretation of Hofmann’s experiment is as fol- 
lows : Tile hydrogen of the ammonia and the clilorine 
combine in equal volumes to form hydrogen chloride. 

The hydrogen chloride combines with the ammonia to 
form ammonium chloride. The tube originally contained 
three volumes of chlorine. This chlorine has taken three 
volumes of hydrogen to form hydrogen chloride, etc. 

The latter dissolves in the liquid in the tube, and hence is without influence 
on the volume of the residual nitrogen. The three volumes of hydrogen 
were combined in ammonia with the one volume of nitrogen which remains 
in the tube. This proof is ingenious, 

4. The vapour density of ammonia and Avogadro^s hypothesis. — 
The three proofs just considered ^ show that three volumes of hydrogen 
combine with one volume of nitrogen to form ammonia. By Avogadro’s 
hypothesis, the number of molecules which combine are in the same ratio ; 
arui since the two gases hydrogen and nitrogen have diatomic molecules, 
it follows that animonm contains three atoms' of hydrogen for one atom 
of nitrogen. Hence the formula of ammonia must be NH^, or N^H^, etc. 
The vapour density of ammonia. (H-g- 5 ==: 2); is nearly 17. H the atomic 
weight of hydrogen l>e I and nitrogen 14, the molecular weight of ammonia 
is 17» This agrees with the number obMnM for the vapour deuBity. 

^ Others are ava&Me if' nesdedu 
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Hence the formula of ammonia is NHj. Here the nitrogen atom appears 
to be tervalent, and accordingly the graphic formula for ammonia is : 

g>N-H 

5. Gravimetric analysis.— The composition of ammonia by weight can 
bo verified by gravimetric analysis. Ammonia gas is passed over a tube 
containing heated copper oxide. The resulting water is weiglied— Fig. 15 
— and the vohinie of nitrogen passing along is determined, and the corre- 
sponding weight computed (p. 84). The numbers so obtained give tlie 
combining proport-ions of hydrogen and nitrogen in ammonia. The result 
shows that 14*01 parts of nitrogen are combined with 3*024 parts of 
hydrogen. The molecular formula is then to be established by Avogadro's 
hypothesis, 

§ 7. Molecular Compounds and®Compomid Salts. 

The eye may rest with complacency upon the simple beauty of the law 
which governs the construction of bodies belonging to the ty pe of ammonia.- — 

, A. W. Hofmann. 

It seems as if tervalent nitrogen in ammonia, NH 3 , changes into quin- 
quevaient nitrogen in forming ammonium chloride, NH 4 CI. But the 
ready dissociation of ammonium chloride into ammonia and hydrogen 
chloride led A. Kekuie (1864) to assume the existence of w^hafc he designated 
” molecular compounds,” and to reject the hypothesis of a quinqiievalent 
nitrogen in the ammonium compounds. Kekuie adhered rigidly to the 
doctrine of fixed valency, and he applied the term “ atomic comx>ounds ” 
to those compounds in which all the atoms of the elements are united 
in such a way that their valencies are saturated. ‘‘ These,” said Kekuie, 
are the true chemical molecules, and the only ones which can exist 
in the gaseous state.” He assumed that the atoms of different mole- 
cules could attract one another so as to produce a land of coupling of 
the molecules. The nature of the atoms of the copulated molecules 
may be such that double decomposition is not possible, and “ the tw^o 
molecules, so to speak, adhere and form a group ondow^ed with a certain 
amount 01 stability, w'hich is always less than that of atomic combina- 
tion.” In other words, Kekuie assumed that molecular compounds 
are formed by direct addition of two or more simple molecules, and the 
simple molecules retain to some extent their individuality, for they 
can be readily separated from one another apparently unchanged. Kekuie 
cited as examples of molecular compounds : ammoniura salts, phos- 
phorus pentachloride, iodine trichloride, crystalline salts which furnish, 
anhydrous salt and water, etc. The compounds of silver chloride and 
ammonia, ferrous sulphate and nitric oxide, etc., can be added to the 
list. To sum up Kekuie’s position : in order to make tlie theory of 
constant valency compatible with the existence of more complex molecules, 
it was assumed that these “ molecular compounds ” belonged to a <iifforent 
type of combination. The question is 'not so easily answered. 

If phosphorus in phosphorus triflupride, PKg, be tervalent, phosphorus 
pentafiuoride, PPg, must, acoorchng to Kekiil 4 , be a molecular compound 
of PPg and P 2 s and, as such, PPg should be unstable and break dowti Itito 
its two atomic constituents when heated. According to T. E. Thorpe 
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(1876), phospiiorus pentallnoride is a gas. stable at high temperatures. 
Hence the of an element depends, on the number of atoius wit); 

which it is associated, or else the molecular compound is more stable than 
Kekule supposed. 

V. Meyer and Lecco (1874) applied an ingenious experiment to test 
whether nitrogen be ter-, or quinque valent in the amnioniuni salts. It is 
undoubtedly tervalent in ammonia, NHg. -Meyer and Lecco’ s argiiment 
will a]>pear from the following considerations : In organic chemistry, 
a series of compounds is discussed in •which the hydrogen atoms of ammonia 
are replaced, one hy one, with equivalent univalent radicles — inetliyl, CH^ ; 
etiiyl, ILH5 ; * .“-to form a series of eompounds called tlie amines or 
substituted ammonias in which nitrogen is undoubtedly tervalent. Tluis : 

H>N-H 

Ammonia. Blethylamino, Dimetliylamirie. Trimethylamine. Dimethylethyl- 

amine. 

Like ammonia, (1) the amines combine directly with acids to form 
compounds resembling the ammonium salts, e,g. trimethylamine unites 
directly with hydrogen chloride to form trimethyiammonium chloride: 
N(CHjj )3 -f HCi == NH(CH3)3C1 ; and (2) the amines combme with methyl 
or ethyl iodides, etc., to form corresponding compounds. £J.g. trlmethyl- 
aminc umtes with ethyl iodide : N(CH3)3 + CoHgl = 

The properties of the compound N(CH 3)3021151 formed by the union of 
N(CH3)3 with CoHjI are identical with the compound N{CH3)2C2H5.CH3l 
formed by the union of N(CH3)2C2H5 with CH3I, Consequently, the two 
compounds must have the same constitution. And it is infeiTed that the 
ammonium salts cannot be molecular compounds as postulated by 
KekuM and that the nitrogen in ammonium compounds is not tervalent 
but rather quinquevalent. This is virtually Ampto’s ammonium theoiy 
propounded in 1815. The argument is not quite sound, because it is 
possible that the groups are rearranged during the formation of the com- 
pounds b}^ the different processes, so that the most stable configuration is 
always formed ; and one final product is obtained by the two different 
reactions. This subject -will foe resumed when discussing Werner’s theory. 

Two or more simx)le salts, as we have seen, each primarily formed by 
the union of base and acid, may unite to form other salts — compound salts 
of greater complexity, sometimes called molecular compounds. The 
compound salts are often well crystallized, and they are frequently formed 
by rej>lacing one or nxore molecules of the water of crystallization by equi- 
valent molecules of another salt. The evidence of the state of the dissolved 
salt is mainly obtained from observations on the physical properties of 
Bolution— c.f/, the. rates of diffusion of the constituents ; the volume 
changes on mixing; thermoohemical phenomena; freezing points; 
electrical conducti'vities ; solubilities etc. ■; Ther^ are three types 
indicated in what precedes : 

h Mixed crystMs and solid s0lhtiohs,““^Potassiuin perchlorate and 
potassium permanganate are isomorphous^; and fonn mixed crystals of afl , 
shades of colour ranging from a faint pink to^'a deep purple aocoiding to 
the relative proportions of the two salts'.m^the crystals. , The' physical 
proparti^ of the mixed crystals are is, continpow fumUmm 
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of their compositionB ; and aqueous solutions of the ihixed crystals give 
reactions characteristic of their components — in the present example, of 
potassium perchlorate and permanganate. The two salts form crystals 
containing all possible proportions between 100 per cent- potassium per- 
clilorate and 100 per cent, potassium permanganate, as discussed under 
Retger’s law (g.t’.), 

2. Double salts. — As in the case of mixed crystals, aqueous solutions 
of double salts give reactions characteristic of the component simple 
salts, but the physical properties of the solid salt are not necessarily 
additive, and the component salts only unite in simple molecular ratios. 
For instance, lithium chloride, LiCl, and green cupric chloride, CaCi2.2H20, 
unite to form ruby-red crystals ; and an aqueous solution giv^es reactions 
characteristic of chlorides, copper, and lithium. Copper bromide also 
forms a dark brown aqueous solution which becomes purple-red when 
lithium bromide is added. The change in colour is due to the formation of 
a complex, Li2C\iBr4.6H20. Ferrous ammonium sulphate is another 
example, since it gives reactions characteristic of both ferrous sulphate 
and of ammonium sulphate. It is pure chance If the composition of a 
mixed crystal happens to be in simple molecular ratio since a variation in 
composition of the mother liquid from which the crystals are deposited 
will be attended by a variation in the composition of the crystals. A change 
in the composition of the liquid may change the composition of the 
compound salt, but the change will be abrupt, not gradual, in harmony 
with the law of multiple proportions. 

3. Complex salts or salts of complex acids. As in the case of double 
salts, the component simple salts of the so-called complex salts are 
combined in a simple molecular ratio, and the resulting compound salt is 
quite distinct from a mechanical mixture of the component salts ; and 
unlike double salts, the chemical properties of a solution of a complex salt 
are different from the properties of solutions of the component salts. The 
term ‘‘ double salt ” is often applied somewhat loosely to compound salts 
formed by the union of one or more molecules of one salt with one or more 
molecules of another salt ; but, as W. Ostwald said in 1889, the term 

double salt should not be applied to combinations of two salts 
which give reactions different from those of the constituent salts. 
For example, the complex salt potassium ferrocyanide is a compound 
salt formed by the reaction : 4KCy + FeCyg = K^FeCy^. The product 
of this combination does not give the analytical reactions characteristic 
of potassium cyanide nor of ferrous cyanide. In the language of the ion 
theory, this is expressed by saying that the ions of complex salts in 
solution are different from and the ions of double salts are similar to 
the ions of the simple salts from which they are derived. The ions 
of potassium cyanide (neglecting secondary reactions) are K* and Cy^ ; 
and the ions of ferrous cyanide, Fe‘* and Cy'. The ions of potassium 
ferrocyanide, on the contrary, are K* and FeCy<j^'", There are, therefore, 
no ions of Cy' and of Fe** in an aqueous solution of potassium ferrocyanide. 

The physical properties of a double salt in solution may or may not be 
different from those of a simple mixture of the constituents, because 
complex salts may be completely, partiallyi^ or not at all dissociated into 
their constituent salts when dissolved in water. In the limiting case, 
the physical properties will be additively those of their components — 


:: :: mmmmBSy OW :mTmQE^ and hydeogen ees 

— complete dissociation — but in some cases, this is not the case. Eor 
instance, the solid dotible salt. EeCIg. 2 KCl..H 20 is, red, A : concentrated' 
aqueous solution of the double salt, or of an equivalent mixture of the 
component salts, at 15° has the characteristic .yellow tint of ferric chloride, . 
FeClg, but'.: at' about 30° .the jellow colour gives way to red. This is sup- 
posed to show that the double salt is' not 'dissociated into .its constituent 
. molecules' at 30°, but it is dissociated at 15°. Ferric cMoride alone in 
solution does .not give, the red colour at 30°. Similar remarks apply to 
many other physical properties of double salts, A complex salt might 
dissociate into its constituent salts under certain conditions of 
temperature or concentration so that it acts as a double salt at one 
temperature and as a complex salt at another. 


§ 8 . Hydroxylamine. 

Molecular weight, NH 3 O = 33*03. Melting point, 33*05®, decomposes when 
heated at ordinary pressures, but boils at 58® under a pressure of 22 mm. 

The preparation of hydroxylamine hydrochloride. — Hydroxylamine 
is formed by the reduction of nitric oxide, nitric acid, or certain nitrates. 
For instance, a stream of nitric oxide may be passed through a solution 
of tin dissolving in hydrochloric acid : 2KO -f SHo ™ 2 NH 3 O. The 
solution will contain a compound of hydroxylamine and hydrogen chloride 
--^hydroxylamine hydrochloride — and also tin chloiide. The tin may be 
precipitated by passing hydrogen sulphide through the solution. The 
liquid is then filtered and evaporated to drjmess. Extract the residue with 
absolute alcohol, and on evaporating the solution white crystals of 
hydroxylamine hydroeliioride, NH^O.HCl, are obtained. Hydroxylamine 
hydrochloride is now largely made by the electrolytic reduction of nitric 
acid. E. Divers and T. Haga’s j)rocess (1896), in which sulphur dioxide 
is passed into a solution containing equimolecuiar proportions of sodium 
carbonate and nitrate, is a more easily conducted process with a good 
yield. 

The preparation of hydroxylamine. — ^To isolate hydroxylamine, 
dissolve the hydrochloride in methyl alcohol and add sodium methylate 
(obtained by dissolving metallic sodium in methyl alcohol). Sodium 
chiorldc is precipitated in the alcoholic solution. Mtor o:ff the sodium 
chloride, and remove the alcohol by distillation — at first under ordinary 
pressure, and then under reduced pressure (p. 231). The hydroxylamine 
ciistils at about 70° under a pressure of 60 mm. ; or at, say, 58° under a 
pressure of 22 mm. When distiEing hydroxylamine, provision nmst be 
made for an explosion. 

Properties. — Hydroxylamine crystallizes in the form of white needle* 
like crystals without smell. The crystals melt at 33°, and boil at 58° 
under a pressure of 22 mm. At ordinaiy pressures, hydroxylamine gradu- 
ally deoomiwses if heated over 15°, and, 'at higher temj^eratures it. is liable 
to decompose explosively with a yellow dash. Hydroxylamine resembles 
ammonia in many respects — it diteolyas, in water, iorming, a 'strongly 
alkaline solution; it reacts with aci3s,'’iorming ' salts--*NHaO.HCi ; 
(NH 0 O)|.^ 2 SO 4 ; HH 3 O.HNO 3 , etc. Hydrc^laminehydrlodide* HH 
HI, for iratance, is made by mixing molecular Quantities' of hydroxylamine 
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and hydrogen iodide in aqueous solutions, and evai3orating at about 20^ 
in vacuo. It forms colourless, hygroscopic, aciciilar crystals. The salts 
all decompose more or less violently when heated. The nitrate furjiishes 
nitric oxide and water ; and the nitrite furnishes nitrous oxide and water, 
Gbmpomxds, like NHoONa and (NH20)2Ga are known as hydroxyiamites. 
Hydroxyiamine thus behaves towards alkalies like a weak acid, and 
towards acids like a weak base, i.e, hydroxyiamine behayes as if it were 
both an acid and a base. 

Hydroxyiamine salts are used as reducing agents in analytical work. 
Hydroxyiamine precipitates metallic silver from silver nitrate ; it reduces 
mercuric chloride to mercurous ciiloride ; it precipitates cuprous oxide 
from cupric salts ; chi’omium hydroxide from ohi’omic salts, etc. It 
oxidizes greenish ferrous iiydroxide, suspended in an alkaline solution, to 
red ferric hydroxide, and at the same time ammonia is formed. If the 
precipitate be dissolved in an acid, and treated with hydroxyiamine, the 
solution becomes colourless owing to the reduction of the red ferric to 
greenish ferrous salt. 


If a solution of hydroxyiamine and sodium hydroxide in methyl alcohol 
be treated with methjd nitrate, CH3.NO3, a white powder is precipitated. 
It has the empirical composition NagNgOa. This substance appears to be 
the sodium salt of a very unstable acid — ^nitrohydroxylamic acid, H3N2O3 — 
for if the salt be treated with a mineral acid, the product which is liberated 
begins at once to decompose with brisk effervescence, forming nitric oxide 
and water: 2NO + H3O. The acid thus appears to be a 

hydrate of nitric oxide* In addition to the sodium salt, some organic 
derivatives have been made. The constitutional formula is usuaUy written 
HO — ^N—NO—OH. The sodium salt rapidly absorbs oxygen from the 
air, forming sodium nitrite and nitrate, and when the solution is boiled it 
furnishes sodium nitrite, etc., as symbolized in the equation : 2Na2]S[203 + 
HgO 2NaN03 + NgO + 2NaOH ; the heating of the solid salt furnishes 
sodium nitrite and hyponitrite : ^NagNgOg == 2NaN02 + NagNgOa. The 
acid and its salts are interesting in that they may decompose in at least si:?: 
different ways, as symbolized : 




= 4NO + 2 H 2 O 

- 2HNO2 4- H2N2O2 

= 2H]Sr02 + 2NO + H. 

+ 2H2O « 2NH2OH + 2HNO0 + Oo 

2NO2 +H2N2O2 

- 2HNO2 + + HgO 


Composition. — ^The molecular weight by the freezing-point process 
corresponds with NH3O. It is generally supposed that hydroxyiamine 
has a similar constitution to ammonia, but one hydrogen atom of the 
ammonia is replaced by hydroxyl : 




Ammonia. 


g>N— OH, or 

Hydroxyiamine. 


Hv 

H^ 

Hydroxyiamine. 


Henee the alternative term oxyammonia ’^ for hydroxyiamine. Some 
consider that the graphic formula should be written H3HN=0 ; but the 
compound seems to exhibit a kind of desmotropism, forming what are 
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called oxonium salts when it acts as a base (oxygen quadrivalent), and 
hydroxylainates when it acts as an acid ; 

Hv 


H-^N= 


=o<:: 


H 


'"NO 3 , ' 
Hydroxylamine nitrate. 


H. 

H- 


;^3Sr_-,0-~-Na 


Sodium hydroxylamate. 

History .“—Hydroxylamine salts, and the aqueous solution of the base, 
were first prepared by W. Lessen (1865) ; and anhydrous hy^droxyiamine 
was simultaneously made by difierent processes by L. de Bruyn and by 
L. Crismer in 1 890-9 L 


if 


# , 


§ 9. Some Derivatives of Ammonia and Hydroxylamine. 

The group Nllg behaves as a monad radicle, and compounds containing 
it are called amides or amines. Do not confuse this term with the so-called 
addition compounds of ammonia also called ammines — inde Chap. XXXVI. 
§ 5. Compounds with the dyad group NH are called imides. By the 
action of sulphur trioxide on ammonia, or by saturating hydroxylamine 
hydrochloride with sulphur dioxide, amidosulphonic acid, NHg.HSOg, 
separates in colourless rhombic prisms. The ammonium salt of imido- 
sulphonic acid, NH(HS 03 ) 2 , is formed by the action of ammonia on chloro- 
sulphonic acid ; and nitrilsulphonic acid, N(HS 03 ) 3 , is formed by the 
prolonged action of sulphurous acid on nitrous acid. The relations of 
these compounds to ammonia are illustrated by the scheme : 

/HSO. 


/H 

N^H 

Ammonia. 


Nf-H 
H 

Amidosulphonic 

acid. 


/HSO 3 

N^HSOs 

^H 

Imidosulphonic 

acid. 


/HSO 3 

NfHSOg 

^HSOg 

Nitrilsulphonic 

acid. 


Amidosulphonic acid may be regarded as sulphuric acid with one of its 
liydroxyi-groups replaced by an amide-group, NHo — SOg — OH, and an 
sulphamide, S 02 (NH 2 ), both the hydroxyl groups of sulphuric acid are 
replaced by the amide gi’oiip ; wliiie in sulphimide, SO^-NH, the two 
hydroxyl groups are replaced by the dyad radicle NH. 

S02=NH 

Sulphamide^ Sulphimide. ^ 


so.<g| 


Sulphuric 

acid. 


Amidosulphuric 

acid. 


The molecular weight of sulphimide corresponds with the polymer 
‘ (>SOg.NH.) 3 , and it is hence called trisulphimide, 

When a solution of suiphuryl chloride in an indifferent solvenli — say chloro- 
form—is saturated with ammonia, and the product of the action is ex- 
tracted with water and shaken with lead or silver oxide to remove the 
chlorine, the clear solution on evaporation furnishes sulphamide. This 
substance forms compounds with metallic, oxides, and when heated to 
about 200° it is transformed ' into sulpMmide :';-,S 02 (NHg )2 « ,NH 3 + 
SOgNH, Several salts of BulpMlmd6^.im'.knpwn--^ SOg.N.Na, SOgN. 
Ag, (SOgN) 2 Ba, etc. When sulphm^lbhloride and’ Equid' ammonia react 
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at a low temperature, ammonium imidosulphamid^, H.N(S02.NHo)o, 
is formed : BSO^Cls + 7NH3 = 4NH4CI When the 

mixture is acidified mth hydrochloric acid and warmed, ammonium 
chloride, sulphuric acid, and suiphamide are produced. The latter alone 
is extracted by dry acetic ether. Suiphamide melts at 81 "^, and trisulphi- 
mide at 165 ®. 

The final product of the interaction between nitrites and sulphites, or 
between nitrous and sulphurous acid is the complete oxidation of the latter 
to sulpliurie acid, but quite a number of acii, or rather salts of acids, 
representing intermediate stages in the reaction have been separated. 
These intermediate products are generally regarded as hydroxylamine- 
sulphonic acids. Thus, when an excess of sulphur dioxide acts on ammonia, 
amidosulphonic acid, NH2.HSO2, is formed; and with an excess of 
ammonia, either the white ammonium salts of amidosulphinic acid, or a 
red-coloured isomer, 2S02.4:NH3, or probably the ammonium salt of 
imidosulphinic acid, (HS02)2NH, is formed, 

Amidosulphonic Ammonium amido- Imidosulphinic acid 

acid. sulphinate. 

§ 10, Isomerism. 

The great interest of isomerism has been to introduce into science the 
principle that substances may be, and are, essentially different solely 
because the arrangement of the atoms in their chemical molecules is not 
the same. — L. Pasteub. 

By an illogical application of the law of constant composition it was 
once thought to be seK-evident “ that substances wliich contain the 
same atoms and the same relative quantities of these must of necessity 
have the same chemical properties.” True enough, composition is the 
most fundamental of aU chemical properties, but constitution also is of 
paramount importance, we now beHeve that the atoms of a molecule are 
arranged according to plan so definite and precise that two different atoms 
cannot change places without altering the properties of the substance. 
This does not mean that the relations of the atoms for one another, are 
necessarily immovable, for, as indicated on p. 146 , the atoms may revolve 
about a position of equilibrium without altering their order of succession. 
Ammonium nitrate and hydroxylamine nitrite are two different substances 
with the same ultimate composition, the same molecular weight, and both 
furnish nitrous oxide and water when heated. There the similarity 
almost ends* The general properties of the two salts are so very different 
that there is little rooifi for doubt that the constitution of the molecules 
must be quite different. There are at least two modes in which the atoms 
may be arranged for stable systems. The probable constitutional formulae 
of the two compounds are : 

H\ H\ 

®:>N— 0— N=0 
: HO"^ 

Ammonium nitrate. Hydroxylamine nitrite. 
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We have met several compounds which have the same ultimate com- 
position, but a different molecular weight, and different properties, B.g, 
NO 2 and N2O4, the a- and /3-sulphur trioxides, etc. It is convenient to 
fix these ideas definitely by the use of the special term Isomerism — ^from 
the Greek Tw (iSos), the same ; ftepos (meros), part. Isomerism is a 
general term applied when the percentage composition of two or more 
substances is the same, but the properties are different. The term 
“ allotropism ” is reserved for the special case of isomerism among elements, 
p. 483, and “ isomerism for compounds. Polymerism is applied when 
the percentage composition of two or more substances is the same, but 
the molecular weight is different, p. 482. It is supposed that in most cases 
allotropism is a special case of polymerism; Metamerism — ^from the Greek 
fierd (meta), change — is applied when the percentage composition and 
molecular weights are the same, but the properties are different— 
hydroxylamine nitrite and ammonium nitrate. Desmotropism or tauto- 
merism, p. 510, and physical, geometrical or enantiomorphic isomerism — 
the stereoisomerism of the tartaric acids — discussed on p. 628, are special 
cases of metamerism. To summarize : ^ 

Same ultimate composition ; properties different : 

I. Elements Allotropism 

11. Compounds Isomerism 

(1) Molecular weights different Polymerism 

(2) Molecular weights the same Metamerism 

(а) Relative positions of some radicles 

labile, not fixed Desmotropism 

(б) Certain radicles are enantiomorphic . Geometrical Isomerism 


§ 11, Hydrazine or Diamide. 

Molecular weight, N 2 H 4 = 32*05. Melting point, 1*4° j boiling point, 113*5° j 
critical temperature, 380°, 

It is possible to make ammonia double on itself, so to speak, by con- 
verting one part into chloramine, NHgCl, and bringing this in contact with 
more ammonia : NHg + NHaCl = NH2.NH2.HCl. This constructive 
reaction is opposed by a destructive change : 2NH3 + NHgCl = 3NH4CI 
d" Ng, which is considerably hampered if the viscosity of the solution be 
increased by adding glue ; and it is favoured by the addition of acetone. 

The preparation of hydrazine sulphate. — Several convenient 
methods of preparing hydrazine are described in text-books of organic 
chemistry, but it may be obtained quite as conveniently from purely 
inorganic substances. Mix 200 c.c. of a 20 per cent, solution of ammonia, 
5 c.c, of a one per cent, solution of glue or gelatine,® and 100 c.c. of an 
aqueous solution of 7*5 grams of sodium hypochlorite — ^free from an 
excess of chlorine — ^in a litre flask. Boil the mixture for about half an 
hour, when it will have evaporated to about half its original volume. 
# 

^ Indifferent text-books there is some difference as to tiie exact meaning 
assigned to the different terms here summarized. There are also other peculiarities 
not covered by the terms in the text. 

2 The action of the gelatine is not understood. The glue and gelatine are not 
necessary, but the yield of hydrazine is much reduced if the mucilage be absent. 
This is an empirical fact. It is generally stated that gelatine prevents the forma- 
tion of nitrogen chloride. . ' ^ 


670 


MODERN INORGANIC CHEMISTRY 


Monoeliloramide is first formed (p,. 655), and this reacts with another 
molecule of ammonia to form hydrazine hydrochloride : NH2OI d- NH3 
= N2H4.HCL When cold, place the flask in iced water, and add 20 c.c, of 
a solution containing 1*96 grams of sulphuric acid, H2SO4. Hydrazine 
sulphate crystallizes out. This may be purified by recrystalHzation from 
water. The process is used technically for the preparation of hydrazine 
sulphate. 

The preparation of hydrazine hydrate and hydrazine. — When 
hydrazine sulphate is distilled with potassium hydroxide in a silver vessel, 
screwed at the junctions, hydrazine hydrate is obtained : N2H4.H2SO4 + 
2KOH N2H4.H2O H- H2'S04, + HgO. The free base hydrazine is made 
by adding smafl. quantities of the hydrate to barium oxide in a glass flask 
cooled ill a freezing mixtiu'e. The mixture is then distilled under reduced 
pressure. The barium oxide removes the water from the hydrate : 
BaO + N2H4.H2O === Ba(OH)2 + N2H4. E. Raschig’s method of dis- 
tilling with sodium hydroxide gives a better yield. 

Properties. — Hydrazine hydrate is a colourless fuming corrosive liquid 
soluble in water. It boils at 118"^, and freezes to a white crystalline solid, 
melting at >- 40°, It attacks glass, cork, and rubber. It is strongly basic, 
and forms a series of salts with the acids, e,g, hydrazine monochloride, 
N2H4.HCi ; and hydrazine dichloride, N2H4.2HCL Hence hydrazine is a 
diacid base. Most of the salts are very soluble in water. The snijihate, 
N2H4.H2SO4, is not so soluble. Hydrazine and its salts are among the 
most powerful reducing agents known ; they reduce cupric salts to red 
cuprous oxide, axid precipitate metallic silver from silver nitrate, mercury 
from mercuric chloride, etc. Hydrazine and sulphur dioxide react 
to form the hydrazine salt of an unknown hydrazine disulphonic acid, 
HSO2.NH.NH.HSO 2, as indicated in the equation : 2SO3 -1- 9N2H4 = 
SN2H2(HS04.N2H4)2. Thionyi chloride is reduced to sulphur which 
dissolves in the excess of hydrazine furnishing sulphohydrazinium. 
Sulphur trioxide produces sulphur sesquioxide. 

The free base is a colourless, fuming liquid boiling at 66^ under a 
pressure of 71 mm., and at 113*5° under a pressure of 761 mm. The liquid 
freezes at 0°, and melts at 1*4°, When heated to about 350° it decomposes 
into ammonia and nitrogen : 3N2H4 “ N2 -f* 4NH3. . Hydrazine is slowly 
oxidized in air with the liberation of free nitrogen, and it burns with a 
violet-coloured flame. 

Composition. — The vapour density of the hydrate at 100° is 50. This 
corresponds with the molecule N2H4,H20, The hydrate dissociates into 
water and free base in vamo at 100°, and at 143° dissociation is complete. 
At 183°, under atmospheric pressure, the hydrate decomposes into nitrogen 
and ammonia. A freezing-point determination of the aqueous solution 
gives a molecular weight corresponding with the dihydrate : N2H4,2H20, 
The constitution of the hydrate is either 

History. — ^Hydrazine hydrate was discovered by T. Curtins in 1887, 
and the base was isolated by L. de Bruyn, 1895. The substitution products 
“-e.g. phenylhydrazine, CgHg.BfN.NH2— have been known for a longer 
time. , E. lischer made the first organic derivative in 1875. 
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§ 12. Hydrazoic Acid, Bydrotiiinc Acid, or Azoimide. 

Molecular weighlj, N3H =: 43*04. Melting point, —80° | boiling point, 37° ■ 

The successful attempt to double ammonia on itself , resulting in the dis- 
covery of hydrazine, was followed by a further attempt to replace another 
hydrogen atom by a NHg group, and so form triamine or triazine H 2 N.NH, 
NHg ; but this could not be accomplished, for the terminal hydrogen atoms 
dropped out and a closed ring of three nitrogen atoms, NgH, was the result. 
This so-called triazo-groiip forms a large class of compounds many of 
which are artificial colouring agents or dyes. 

Preparation. — Like hydrazine, this compound is best made by organic 
processes. W. Wislieenus (1892) made it from inorganic materials by 
passing dry ammonia over metallic sodium in a nickel boat in a tube 
between 250° and 350° so as to make sodamide : 2Na -f 2 NH 3 = 2 NaNH 2 
-f Hg. When all the sodium has' been converted into the amide (about six 
hours), the current of ammonia is replaced by a stream of dry nitrous oxide, 
and continued at 190° until ammonia is no longer evolved (about five 
hours) : ■ ' ' 

|>0 + |>N-Na=H,0 + |>N-Na^ ^ ^ 

The product of the action — a mixture of NaOH and NaNs — dissolved in 
water ; the solution acidified with dilute sulphuric acid ( 1 : 1 ); and distilled. 
The first quarter of the distillate contains most of the hydrazoic acid* 
Hydrazoic acid can also be made by treating nitrogen chloride, NCig, 
or an aqueous solution of silver nitrite with hydrazine sulphate. In the 
latter case a crystalline precipitate of silver hydrazoate, NgAg, is formed 
in a short time-r-A. Angeli (1893). The reaction may be symbolized : 

+ NO.OH = |>N.H + 2H,0 + HCl 

When nitrous acid acts on ammonia, both atoms of nitrogen are liber- 
ated in the elemental form, NHg + HNO 2 = 2 H 2 O + N 2 ; but T. Curtius 
found in 1890 that when hydrazine is used in place of ammonia, the attack 
by nitrous acid furnishes the simplest known form of triazo-group, namely, 
hydrazoic acid, N 3 H. The isolation of this acid, said D. 1. Mendeleeff, 
is one of the most important achievements of 1890. The reaction is 
symbolized : HNO 2 4* N 2 H 4 = HN^ + 2 H 2 O. Instead of using free 
nitrous acid, Stolle and Thiele obtained better results with ethyl or amyl 
nitrite in an alkaline solution, say, N 2 H 4 -f GgHgNO 2 + NaOH = NaNs ~h 
C 2 H 5 OH 4" H 2 O. The resulting sodium azide is a commercial product. 
The preparation of hydrazoic acid by the action of nitrous acid on salts 
of hydrazine resembles a well-known method of preparing nitrogen from 
ammonium salts by the action of nitrous acid — ^say by heating ammonium 
chloride with sodium nitrite — ^writing nitrous acid in place of the latter : 

S.HC1 + NO-OH = |>N-H+ 2H,0 + HCl 

The aqueous solution of the free acid can be obtained by distillation 
with sulphuric acid as indicated above $, repeated fractional distillation 
furnishes a solution containing 91 per cepfi* of hydrazoic acid. The 
remaining water must be removed by esdeium chloride. ~ 
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Properties. — ^Pure bydrazoic acid is a colourless mobile liquid, with an 
unpleasant penetrating odour. Trifling quantities produce headaches, 
and the vapour is poisonous. The acid boils at 37° ; it can be solidified by 
cooling. The solid melts at —80°. Work with hydrazoic acid and its 
salts is dangerous because these compounds are rather unstable, and very 
liable to explode. The acid is partly reduced by sodium amalgam, forming 
ammonia and a little hydrazine ; NgH + SHg — NgH^ + NHg. Potas- 
sium permanganate oxidizes it to water and nitrogen ; oxygen is also 
liberated at the same time. When hydrazine sulphate is treated with 
ammonium metavanadate and sulphuric acid, some ammonia, NHg, 
and h3’'drazoio acid are^ formed : 2N2H4 -f Og == NHg -{- HN3 + SHgO. 
The experimental yield of hydrazoic acid is but 13'6 per cent, of the 
theoretical. 

The acid is soluble in w^ater. The aqueous solution behaves as a strong 
monobasic acid, and it readily dissolves zinc, iron, cadmium, magnesium, 
and aluminium with the evolution of hydrogen and ammonia, and the 
formation of salts — called hydrazoates, or azides, or trinitrides. It also 
gives insoluble silver and mercury salts, AgNs and HgNg, both of which are 
very explosive ; the silver, lead, mercurous, and cuprous azides are very 
sensitive to light, and decompose directly into metal and nitrogen. The 
ferric salt has an intense red colour, and the colour can be detected when 
a ferric salt is added to a solution containing one part of hydrazoic acid 
per million. One part of the acid per million will give a perceptible 
turbidity with silver nitrate. Lead azide, PbNg, is used as a detonator in 
place of mercury fulminate for trinitrotoluol ; it is considered less sensitive 
and safer. The salts are usually anhydrous and crystalline, and when 
heated give the pure metal. The aqueous solution and the alkaline salts 
are not so liable to explode as the salts of the hea'vy metals ; in many ways 
it behaves chemically like hydrochloric acid, with ammonia it yields the 
ammonium salt : NH3.HN3, or NH4.N3, that is, N4H4 ; and with hydra- 
zine, N2H4,HN3, that is, N5H5. With sodium hypochlorite and acetic 
acid, hydrazoic acid furnishes a colourless highly explosive compound, 
chlorazide, N3CI, which smells like hypochlorous acid, and is decomposed 
by an aqueous solution of sodium hydroxide, N3CI -f 2NaOH NaNg 
“b NaOCi + HgO. Silver azide with a cold ethereal solution of iodine, 
furnishes a yellow explosive compound iodozide, N3I, thus, NgAg + Ig = 
Agl 4* N3I. 

Constitution. — On electrolysis, hydrazoic acid yields rather less than 
three volumes of nitrogen per one volume of hydrogen. The low yield of 
nitrogen is due to secondary reactions. Analyses and vapour density 
determinations agree with the formula N3H. The formation of hydrazoic 
acid from sodamide and nitrous oxide, which results in the formation of 
nitrogen and ammonia, agree with the structural formula: 

H-N<| or H-N<| 

if one of the -nitrogen atoms be quinquevalent. The resemblances between 
this acid and hydrochloric acid suggests that the triazo-group, Ng, in its 
chemical properties bears a strong family resemblance to the halogens. 
The physical properties — flight refraction, Eght dispersion, boiling points. 
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electrical conductivities, etc. — of compounds of the organic triazo-deriva- 
tives and the corresponding halogen compounds are very similar. Thus : 

Acetic acid lodo- Triazo- Bromo- Ohloro -acetic acid. 
Ionization constant X 10^ 0*018 7*5 9’3 13*8 16*5 

With metals below magnesium in the electrochemical series, Table XXIII., 
hydrazoio acid is reduced to ammonia, and maybe to hydrazine and free 

nitrogen ; no hydrogen is evolved, e.gf.Cu + 311^3 = CuNg + N 2 + NH^ ; 
with nitric acid, it will be remembered that 30u + 8 NHO 3 = 3 Cu(N 03)2 
4- 2NO + 4 H 20 * With hydrides of some of the oxidizable non-metals, 
the acid is reduced, forming ammonia and nitrogen, thus HgS 4 HNg 
■::= nitric acid, we have SHgS 4 ' 2 HN 0,3 = BS-- 

4 2NO 4 With metals lying near the end of the electrochemical 

series, the acid is reduced, forming ammonia and nitrogen, Pt 4 2 HN 3 
4 4HC1 = PtCl 4 4 2 N 2 4 2 H 3 N; with nitric acid under similar con- 
ditions, 3Pt 4 4 HNO 3 4 12HCi = 3 PtCl 4 4 4NO 4 SHgO. 

Assuming that if two compounds behave in a similar manner they 
have an analogous structure, it follows if nitric acid has the structure 

H — 0 — with a guinque valent nitrogen atom as a nucleus united with 

, , , 

oxygen ; then in hydrazbic; acid we can expect a quinquevalent nitrogen 
united with nitrogen, or.H— N=N=N (J. W. Turrentine, 1912) ; hence 
■ the alternative term,' “ hydronitric acid,” for this compound. The latter 
formula also agrees with some reactions studied in organic chemistry 
(Thiele, 1911). • 

The follow:ing graphic formulse show the relations between hydrazoio 
acid, nitrous oxide, and hyponitrous acid : 

• N=N *N=N • N=N 

II' .\/ \/ 

HO OH O N-H 

Hyponitroiis dfcid. Nitrous oxide. Hydrazoio acid. 

There are many resemblances between this acid and hydrochloric acid ; 
which suggests that the'triazo-group, N 3 , in its chemical properties bears 
a strong family resemblance to the halogens. Attempts have been made 
to prepare a hexatomic-iiitrogen group, N 3 .N 3 , by making hydrazoic acid 
double on itself. 

Nitrogen gas is rivalled only by argon and its congeners in its reluctance 
to take part in chemical changes, but when united with other elements it 
leads to forms of activity in great profusion, so much so that M. 0. Forster 
(1911) styled nitrogen the most versatile form of elemental matter, for 
union with different proportions of hydrogen furnishes three highly active 
substances — ammonia, hydrazine, and hydrazoic acid^which have 
characteristics which stand in marked contrast with one another. If 
oxygen be brought into the system, hydroxylamine, nitrous acid, and nitric 
acid may be mentioned as typical materials capable of entering into 
chemical changes of the most diverse order. Enumerating the nitrogen- 
hydrogen compounds : 

Basic. ' 

^ Acidic.- 

, NH, ■ , ■ 

Ammonia. Hiamide or Azoimida or , 

hydrazine. hydrazoio add. 


Salts. 

Ammonium Hydrazine 
..azide. azide. 
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To these can be added hydrazine hydrazoate, NgHg, and possibly also basic 
ammonium, NH 4 ; and cUimide, NgH^, which is said to have been made by 
heatmg ammonium chloroplatinate : (NH 4 ) 2 PtClQ ==Pt -f 6HG1 -f N 2 H 3 ; 
but there is some doubt if this is really the case. 


Questions, 

1. Calculate the x^-apour density of ammonium chloride. By experiment it 
is found to be 13’ 345. How do you explain the difference between the calculated 
and the observed results ? Can you give any experimental evidence in support 
of your explanation ? Do you know of any other similar cases ? — Science and 
Ari Dept^ 

2. Calculate the weight of nitrogen contained in one cwt. of (a) ammonium 
sulphate ; (6) sodium nitrate. Describe exactly how you would distinguish 
these two substances when mixed together in solution. — herdeen XJniv. 

3. How would you prepare in the laboratory a vessel full of ammonia ? 
Describe experiments by which you could demonstrate that ammonia (a) is very 
soluble in water, (b) combines with acids to form salts, (c) contains hydrogen.— 
Victoria Urdv.t Manchester, 

4. What is the action of ammonia gas on {a) hot copper oxide, (b) hydrochloric 
acid, (c) chlorine w'^ater ? — St. Andrews Univ, 

5. Why are the compounds formed by the union of acids with ammonia 
termed ammonium compounds ? Quote facts wliieh may be regarded as evidence 
that a solution of ammonia in water contains ammonium hydroxide. — London 
Univ. 

,6. What are the Wo main sources of supply of inorganic nitrogen compounds ? 
Outline three methods wiiich have been suggested for the production of ammonia 
from atmospheric nitrogen. — Sheffield Univ, 

7. How can it be shown that the vapour obtained by heating slightly moist 
ammonium chloride consists of a mixture of ammonia and hydrogen chloride 
gases ? "What is the density relative to hydrogen of the vapour given oft by 
ammonium chloride ; and wdiat would be the density if the vapour consisted of 
ammonium chloride ? (H = 14 j Cl 35*5.) Mention other decompositions 
of a similar nature with which you are acquainted. — Univ. North Wales, 

8. Give the volume relations between the gases in the following reactions ; 
Hydrogen and chlorine combining to form hydrochloric acid, hydrogen and 
oxygen combining to form steam, hydrogen and nitrogen combining to form 
ammonia. If a million molecules of hydrogen took part in each reaction, how 
many molecules of each product wmuld be formed ? — Sheffield Scientific School^ 

9. Explain why the formula of ammonia gas is given as ISTH^, and give an 
account of any theories involved in your answer. — Aberystwyth Univ. 

10. Define the terms “ acid,’’ “ base,” “ acid salt,” “ basic salt,” “ double 
salt,” complex salt,” and supply one illustration of each. — Sheffield Univ, 

11. What is hydroxylamine ? Describe and explain the process by which 
the hydrochloride Is prepared from potassium nitrite. What is its action upon a 
solution of a cupric salt; and to w^at useful purpose has hydroxylamine been 
appHed t— Science and Art Dept. 

12. What is the effect of passing chlorine gas through aqueous solutions of 
{a) anamonia, (6) sulphur dioxide, (c) ferrous sulphate ? What is the effect of 
passing sulphur dioxide gas through (a) aqueous solutions of potassium permanga* 
nate, (6) concentrated nitric acid f Give equations. — St. Andrews Univ. 

13. How is ammonia gas prepared pure and dry ? Give the names and 
formulae of the compounds derived from ammonia by replacing one or more of 
its atoms of hydrogen by (a) hydroxyl, (b) chlorine, (c) methyl. Describe the 

S iration and properties of any two of these compounds. — London Univ, 

4. What change takes place when chlorine is passed into a solution of am- 
monia ? How can the experiment be conducted so as to afford evidence of the 
constitution of ammonia ? — Board of Mdm. 

15. How is the so-called ammoifium amalgam prepared ? Describe its prinei* 
pal properties and explain the various views which have been held as to its nature. 
— BoamoiWdup. > ' ' • ■ , 

id. By what means has the relative rate of diffusion of gases been determined ? 
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Describe an experiment by which you might test whether a gas was dissociated 
at a high temperature into simpler constituents. Two vessels and B con- 
taining respectively chlorine, and a mixture of an inert gas with 10 per cent, 
of oxygen, were put into communication through a small hole. After diffusion 
had taken place for a short time, the chlorine in A was absorbed by potash, and 
the residual gas in A. was found to contain 11 per cent, of oxygen. What was 

density, approximately, of the inert gas ? — Victoria Unic,, Manchester. 

17. Plot the specific gravities of aqueous solutions of ammonia with their 
concentrations from the following data : 

Grams of NHg per litre 308*3 256*0 210*9 157*4 95*1 4*5 

Specific gravity, . . 0*882 0*900 0*916 0*936 0*960 0*99S 

Show {a) the weight of NH 3 in a litre of aqua ammonia of specific gravity 0*890, 
and ( 6 ) the per cent, of NHg in a solution of specific gravity 0*882. Answers: 
(a) 282*6, ( 6 ) 34*96. 

18. Two tubes, provided with platinum wires and standing over mercury, 
contain severally ammonia and the products of the decomposition of ammonia; 
into the latter a few drops of dilute sulphuric acid are passed. A stream of electric 
sparks is sent through the two tubes till no further change occurs. Describe 
and explain the' changes which have occurred. — New Zealand Univ. 

19. Give examples of substances with “ abnormal vapour densities.” Explain 
fully the experimental evidence why the term is applied to the substances you 
mention, and justify its application. — Cape Univ. 

20. Give an account of the compounds containing only nitrogen and hydrogen. 
— Trinity QolL 

21* Give the formula), modes of preparation, and chief properties of the follow* 
ing mercurial compounds ; Red precipitate, white precipitate, corrosive sublimatejk 
calomel, vermilion, and cinnabar. — London Univ, 

22. Sal ammoniac may be represented by the symbols NH^.HCI or NH 4 CI. 
State the evidence that can be adduced in support of each of these formulae.— - 
London Univ, 

23. What experiment would you make in order to show that nitric acid may 
be reduced to ammonia ? Describe precisely how you would identify the 
ammonia. — London Univ, 


CHAPTEE XXIX 

Nitrogen and Atmospheric Air 

i § 1. Nitrogen — Occurrence and Preparation. 

I Atomic weight, N = 14*01; moieciilar weight, == 28*02. Bi-, ter-, and 

i quinqiie-valent. Melting point, —210*6® ; boiling point, —195*5®; critical 

? temperature, —146°. Kelative vapour density (Hg = 2), 27*81 ; (air == 1), 

0*067. One litre under normal conditions weighs 1*2506 grams. 

History. — ^It is difficult to state precisely who first isolated nitrogen 
and clearly recognized it as a definite substance. John Mayow (1674) and 
several others got very near, if they did not get actually there. The man 
who deduces on good* mental evidence, or even proves by actual experi- 
ment, the existence of something not known before is not always recognized 
as the discoverer ; but rather is he hailed discoverer who proves by a con- 
clusive series of experiments that the substance in question has properties 
distinct from all other substances. He only discovers who proves. Other- 
wise, Boyle or Paracelsus would be called the discoverer of hydrogen ; 
Lucretius of carbon dioxide ; J. Kunokel of ammonia ; Eck de Sulzbach of 
oxygen ; Hooke or Cassini of the law of gravitation ; etc. We must 
remember, said I. Todhunter, that he alone is the true discoverer who 
reveals, not in dim oracles which enthusiastic votaries may subsequently 
interpret into truth, but in clear characters which contemporaries, even 
though hostile, cannot misunderstand or misinterpret. 

D. Rutherford (1772) is generally credited with the discovery of nitro- 
gen. He published a thesis in Latm in 1772 in which he said : 

By the respiration of animals, healthy air is not merely rendered mephitic 
(that is, charged with carbon dioxide), but it also suffers another change, for, after 
the mephitic portion is absorbed by a solution of caustic alkali, the remaining 
portion is not rendered salubrious, and, although it occasions no precipitate in 
lime-water, it nevertheless extinguishes flame, and destroys life. 

Rutherford removed oxygen from the air by such combustibles as phos- 
phorus, charcoal, etc., and washed out the products of combustion by 
alkalies or lime water. The residue was called by him “ phlogisticated 
air.’’ ^ H. Cavendish confirmed this experiment in 1785. Lavoisier first 
called the residue “ mephitic air,” and afterwards “ azote.” J. A. C. 
Chaptal (1823) suggested the name nitrogene from the Greek vlrpov (nitron), 
saltpetre ; and ycWw (gennao), I produce — because the gas is a constituent 
of nitre* 

Occurrence, — ^Nitrogen constitutes four-fifths of the total volume oi 
atmospheric air. According to spectroscopic observations it is probable 
that certain nebulie contain nitrogen. It is also found in certain minerals, 

i Hydrogen was also callej ** phlogisticated air.” 

iiiiliiliii 
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where it is probably occluded or adsorbed. It occurs combined in 
ammonia, nitre, and a great many animal and vegetable products- — e.g. 
white of egg, proteids, etc. It is a constant and essential constituent of 
all living organisms ; ail life seems to depend upon the transformation of 
proteid compounds. 

Preparation. — ^Nitrogen is easily obtained from air by removing the 
admixed carbon dioxide and oxygen. This is eonveniently done by burn- 
ing a piece of phosphorus in a dry crucible floating on the surface of water 
under a small beH-jar. The phosphorus combines with most of the oxygen, 
forming phosphorus pentoxide, and this quickly dissolves in water, leaving 
behind the nitrogen. If the water be alkaline with sodium hydroxide. 



the carbon dioxide, normally present in air, will also be removed. The 
nitrogen so prepared is not pure because the phosphorus ceases to burn 
before ail the oxygen has been removed. A solution of cuprous chloride 
(p, 292) in hydrocliloric acid rapidly absorbs oxygen from air, and leaves 
behind the nitrogen. It is best to remove the carbon dioxide by first 


Fig. 225. — Preparation of Nitrogen. 

passing the air through a solution of sodium hydroxide ; and to absorb 
the oxygen by means of an element which will form a non-volatile oxide. 
Copper turnings are generally considered best for the purpose j the 
‘‘ turnings ” offer a large surface of oxidizable metal to the air. The process 
is as follows : — 

Air freed from carbon dioxide in a wash-bottle of sodium hydroxide. 
At Fig. 225, and from moisture by passage through sulphuric acid, J5, is 
then passed through a red-hot tube containing copper turnings. The 
copper removes the oxygen and forms cupric oxide : 2Cu -f Og = 2CuO. 
The nitrogen passes on to be collected in a gas jar, or gasholder, etc. In 
the diagram, the air is supposed to be drawn over the copper, the gas- 
holder being filled with nitrogen. If the gasholder were placed at the end 
At and air forced along the tubes, the nitrogen gas could be collected in 
gas jars, Fig. 225. The process of oxidation of course ceases when all the 
copper is oxidized. If the wash-bottle, R, of concentrated sulphuric acid 
be replaced by an aqueous solution of ammonia, as recommended by 
S. Lupton (1876), the ammonia reduces the copper oxide as fast as it is 
formed : CuO 2NH3 == Cu -f SHgO 4- Any excess of ammonia 
can be removed by passing the gas from the cbjpper tube through a spluMon 
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of suipliiiric acid before it is collected in the gasholder* Cold boiled js 

\-rater should be used in the gasholder so as to lessen the i‘isk of con- 
tamination owing to the presence of oxygen dissolved in ordinary water. 

We shall see later that ‘‘ atmospheric nitrogen ” contains argon. ^ 

Nitrogen called “ chemical nitrogen ” can be prepared free from argon 
by heating a concentrated solution of ammonium nitrite in a glass flask 
or retort : NB[ 4 NO.> - -f Ng. The reaction need only be just started 
by gently w^armiog the flask, it will then continue, and maybe increase in 
velocity without a further application of heat because the system itself | 

becomes warmer owing to the degradation of energy. If heat be con- 
tinuously applied to the flask, the reaction may become uncontrollably 
violent. Instead of using ammonium nitrite, a mixture of ammonium 
chloride with a concentrated solution of potassium or sodium nitrite as 


recommeiided by Goren winder (1849). Nitrogen is also made by heating 
ammonium diehromate : (NH 4 ) 2 Cr 207 = Ci’gOg 4 - 4 H 2 O -b Ng ; or a 

mixture of ammonium chloride and potassium dichromate ; or a mixture 
of hypobromites or hypochlorites with urea ; etc. Atmospheric nitrogen 
is made on a large scale by the fractional rectification of liquid air 
as indicated on y, 153, and it is used in the manufacture of calcium 
cyanamide, q,v. 

§ 2. The Properties of Nitrogen. 

What of nitrogen ? Is not its apparent great simplicity of action all a 
sham ? — M. Faraday. 

Nitrogen is an odourless colourless gas, not quite so heavy as air. It 
is slightly soluble in w^ater ; 100 volumes of water at 0^ absorb 2*4 volumes, 
and at 20*^, 1*6 volumes of gas. At 3500° it is estimated that about 5 per 
cent, of the nitrogen is dissociated into atoms : Ng (95 per cent.) == 2N 
. (5 per cent.). Nitrogen has been condensed to a colourless liquid which 
boils at about —195° at ordinary atmospheric pressure; and solidifies 
to a white snow-like mass melting at —214°. Solid nitrogen exists in 


two forms with a transition temperature 


and the molecular heat 


of transformation 53*8 Cals. Nitrogen cannot be a poisonous gas, for the 
air we breathe contains a large proportion. The nitrogen dilutes the 
oxygen as indicated on p. 926. Animals die in nitrogen owing to suflbca- 
tion, Le, want of oxygen necessary for respiration. Nitrogen is both 
incombustible and a non-supporter of ordinary combustion. 

Molecular nitrogen chemically inert ; atomic nitrogen active. — ^The 
chief characteristic of nitrogen gas is its chemical inertness, due, it is some- 
times stated, to “ the great affinity of the atoms in the molecule for one 
another.” At any rate, when nitrogen is combined with other elements 
the converse is true, for the nitrogen compounds generally possess great 
chemical activity. Witness nitrogen chloride, possibly the most violent 
explosive known ; potassium nitrate in gunpowder ; the w^hite and smoke- 
less powders ; and explosives generally — most of them contain nitrogen — 
NOg, or NOg, e.g. nitroglyeerol, piorie acid, etc. 

Nitrides. — While the idea that nitrogen is an inert gas with a dis- 
■ inclination to enter into chemical action is now said to be “ an ancient 
fiction to be relegated to the aroliives qf science,” it is still true that nitro- 
N^en is inert in the sense that it, is dilficult to initiate reactions in which 
Ifeogen takes part, and it is usually necessary to raise the system to a 
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high temperature to inaugurate the reaction, showing that nitrogen leaves 
its state of ‘‘ chemical rest ” with difficulty. Nitrogen combines directly 
with a few^ elements under special conditions, e.g, with calcium, beryllium, 
magnesium, lithium, titanium, etc., when these metals are heated in an 
atmosphere of nitrogen. Aiuminiiim, for instance, absorbs 12*2 per cent, 
at 900 °. If a mixture of alumina and carbon is heated to about 1800 ° in 
a current of nitrogen, aluminium nitride is formed while the carbon and 
oxygen produce carbon monoxide : AlgOg -f 30 -f Ng = 2A1N -j- 3C0 —• 
187 *6 Cals. The following experiment illustrates the reaction : 

Heat a mixture of aluminium powder and 2 or 3 per cent, of lamp black in a 
closed erucibie. When the crucible is white-hut, lift up the lid. A mere surface 
crust reacts with the oxygen of the air, while the nitrogen penetrates downwards 
into the interior of the crucible forming aluminium nitride. When the crucible is 
cold, fine bluish crystals of the nitride will be found inside. 

The compounds of the metals with nitrogen are called nitrides, just as the 
corresponding compounds with oxygen are called “oxides.” Hence, 
when some of these metals are oxidized in air, 
a little nitride as w^ell as oxide may be formed. 

Most nitrides furnish ammonia when treated 
with water, so that the smell of ammonia may 
sometimes be detected when the shimmings or 
dross from molten metals are treated cold, wdth 
water. The formation of magnesium nitride 
can be illustrated by passing nitrogen through, 
the apparatus illustrated in Fig. 226 in the 
direction AB, A quartz or hard glass tube 
contains a boat with a little powdered magne- 
sium. This tube is connected with a glass bulbed 
tube dipping in coloured water to serve as gauge. 

When all the air has been expelled by the 
nitrogen, close the stopcock A, heat the tube 
wdth a Bunsen’s burner, and finally with a 
large Meker burner, or a blast gas burner. When the temperature 
reaches 900° the bubbling of gas from the tube by thermal expansion will 
cease, and the rise of the coloured w^ater in the gauge B indicates that the 
metal is absorbing the gas. The nitrides of many elements are formed by 
heating them in ammonia gas. Iron nitride, Fe 4 N 2 , is obtained by heating 
finely divided iron in a rapid current of ammonia between 450° and 475° ; 
it is completely decomposed at 600° to 700°, When the nitride is heated 
in nitrogen alone below 600° it loses about half its nitrogen, probably 
forming a more stable nitride, Fe 4 N. With acids the nitride forms ferrous 
salts, ammonium salts, and hydrogen. In view of these properties, G. 
Charpy and S. Bonnerot conclude that the formula 



Fia. 226. — Formation 
of Nitrides. 


Fe^ 

Fe' 


>N— N<: 


Ee 


Fe 


best represents the constitution of the compound. The nitrogen found in 
metallic iron is considered to be occluded, or else combined with some 
element other than iron. The heats of formation of the nitrides are com- 
paratively large, thus, for Mg 3 N 2 , the heat: of formation is ,119*7 Cals,, for 
OasNg# 1I1‘2 Cals., and for AIN, 55CalsV ^ ■ ‘.'V 

Allotropic nitrogen. — About 1820, there was much discussion as to 
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whether nitrogen is an element or a compound. Berzelius, for instance, 
considered nitrogen to be a suboxide of an unknown element which he 
called nitricum,’* but that view was not consistent with the definition 
of an element. So also allotropic modifications of nitrogen have been 
reported from time to time, but the allegations have not been established. 
In 1910 R. J. Strutt noticed that “ vacuum tubes ” containing nitrogen — 
freed from oxygen by previous exposure to phosphorus and red-hot copper 
— w^hen subjected to the high-tension electric discharge from a Leyden jar, 
show an after-glow ” when the discharge is stopped. The experiment 
can be illustrated by Fig. 227. The tube A Bis supposed to contain nitro- 
gen. The discharge is passed in the direction indicated by the dotted lines 
shown between the terminals, while the nitrogen travels into B, where it 
appears as a “whirling cloud of brilliant yellow light,” The nitrogen 
is “ activated ” by the discharge ; for the gas then appears to be in a 
more active condition chemically than ordinary nitrogen. The activity is 
not due to the presence of ions produced by tbe discharge, because the 
chemical activity of the nitrogen persists after the ions are removed. The 
presence of oxygen or water vapour seems to retard the formation of the 
allotropic nitrogen. The “ after-glow ” which accompanies the conversion 
of the chemically active modification into ordinary nitrogen is intensified 



Fig. 227. — Formation of Strutt’s Allotropic Nitrogen, 

by cooling and weakened by heating. The presence of oxygen destroys 
the activity, hydrogen has no action. The active nitrogen graduafly 
returns to normal nitrogen on standing, and very readily in the presence of 
oxidized copper. The active modification combines with phosphorus at 
the same time the excess of phosphorus is converted into the red variety ; ^ 
the “ active ” nitrogen also combines with sodium and mercury, forming 
nitrides. These are decomposed by water or an aqueous solution of potas- 
sium hydroxide forming ammonia. The mercury nitride is explosive. 
Stannic and titanic chlorides furnish white deposits containing nitrogen ; 
and with nitric oxide it forms nitrogen peroxide — apparently by the very 
curious reaction : 2NO -f N = NOg + Ng. A greenish-yellow fiame is 
developed during the last-named reaction ; the flame resembles that pro- 
duced when ozone reacts mth nitnc oxide. The tube 0, Fig. 227, enables 
gases and vapours to be brought into contact with the active nitrogen in B. 

^ It m not uncommon to find some, phosphorus converted into red phosphorus 
when a mass of phosphoi*us reacts with another substance. 
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Wlien an acetylene or cHoroform flame is fed witli a little active nitrogen, 
the spectrum in each ease is characteristic of cyanogen ; solid and liquid 
products are obtained, as well as hydrogen cyanide (no cyanogen) : CaHg 
d- 2N = 2HCy. Similar results were obtained in the combustion of other 
organic vapours. If halides are present — e.g. carbon tetrachloride — then 
cyanogen chloride is formed ; with benzene, cyanobenzeiie is produced. 
When mixed with the vapour of carbon disulphide, nitrogen sulphide, (NS),t, 
and brown carbon monosuiphide are produced : CSg + N = KS 4- CS. 
Hydrogen sulphide and sulphur chloride also form nitrogen sulphide. 
Strutt, the discoverer of these phenomena, suggested as a trial hypothesis, 
that the “ active modification of nitrogen ” is nitrogen in the atomic 
condition, but it cannot yet be said that the action is clearly under- 
stood. 

Atomic weight of nitrogen. — The “ combining weight can be deter- 
mined by finding the amount of hydrogen or oxygen which combines with a 
known weight of the gas. For example, the analysis of nitrous oxide, nitric 
oxide, ammonia, etc., furnishes : 0 : N — 16 : 14 ’ 01 . Collect together the 
vapour densities of all the known volatile compounds of nitrogen. We 
obtain a table from which Table XXXVI. has been abridged. 

Table XXXVI. — Vapoub Densities or Volatile Nitrogen Compounds. 


Volatile compound. 

Vapour 

density. 

Formula of com- 
pound. Molecular 
weight == vapour 
density. 

Amoimt of 
nitrogen in 
the molecule. 

Ammonia . . . . , 

17*03 

NH,, 

14*01 

Hydrazoic acid . . . | 

43*04 

N^H 

42*03 

Nitric oxide . . , . . 

30*01 


■■..•M4*01 

Nitric peroxide . 

46*01 


14*01 

Nitrogen 

•28*02 ■ 


;:28*02' 

Nitrous oxide 

44*02 

I ■■ V ' "X2O , - 

28*02 


The smallest amount of nitrogen entering into the composition of any of 
these molecules lies somewhere between 14*00 and 14*15 ; the best repre- 
sentative value is taken to be 14*01, when the atomic weight of hydrogen 
is 1*008, and of oxygen 16. Hence this number represents the atomic 
weight of nitrogen, 

§ 3. The Composition of the Atmosphere. 

I conceive the confused mass of vapour, air, and exhalations vp-hich we call 
tlie atmosphere, to be nothing else but the particles of all sorts of bodies 
of which the earth consists, separated from one another and kept at u 
distance by repulsive forces. — Isaac Newton (1717). 

The air contributes to so great a number of chemical phenomena by the 
combinations which it forms, that it is important to have a precise idea of 
the parts which compose it, and of the proportions in which its elements are 
found.— C. L. Berthollet (1803). 

About the middle of the 17th century, Robert Boyle said: ^‘The air 
is a confused aggregate of effluviums from such differing bodies, that, 
though they all agree in constituting by their minuteness and various 
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motions one great mass of matter, yet perlia.ps tiiere is scarcely a more 
heterogeneous body in the world,’* and these words forcibly emphasize the 
fact that air is a mixture of several different gases — oxygen and nitrogen 
along with much smaller quantities of ammonia and other nitrogen com- 
pounds : hydrogen, hydrocarbons, hydrogen peroxide, carbon dioxide, 
sulphur compounds, organic matter, suspended solids, chlorides, ozone, 
water vapour, argon, helium, kiypton, neon, xenon, etc. The more care- 
fully the composition of air is examined, the more do we realize how apposite 
are Boyle’s remarks. . The five gases last-named are sometimes called the 
“ noble gases ” or the inert gases ” of the atmosphere, and they are 
generally included with the atmospheric nitrogen.” Dust is also common 
in air. Thus the outside air in London contains from 80,000 to 116,000 
particles per c.o., while inside a room as many as two millions may be present. 
Over the Pacific ocean from 280 to 2200 per c.c. have been counted. 
Micro-organisms of various kinds abound in the lower strata of the atmo- 
sphere, These cause putrefaction, fermentation, and pathological pheno- 
mena. When filtered through asbestos or cotton- wool, air is freed from 
dust particles, and when a beam of light is passed through dust-free air, 
it will no longer reveal a multitude of motes constantly in motion. The 
space is optically empty. 

Oxygen and nitrogen. — Some of the early workers believed that the 
proportion of oxygen and nitrogen in air varied with respect to time and 
place, as well as the state of the weather ; but the analyses of Cavendish, 
Macarty, S. H. Davy, and C. L. BerthoUet rendered it highly jDrobable 
that only a minute difference is to be found in the proportions of these 
two elements with air collected in different localities, and this is confirmed 
by analyses conducted more rigorously with ail the refinements known to 
chemists. It appears, as C. L. BerthoUet recognized in 1803, that the 
variations reported by the early chemists were solely due to the uncertain 
action of the agents employed for removing the oxygen from the nitrogen. 
The following analyses are quoted to illustrate the percentage amount of 
oxygen in air : — 


Locality. 

Minimum. 

Maximum. 

Mean. 

Number of 
analyses. 

Analyst. 

Scotch Hills. 

20-80 

21-18 

20-97 

U 

R, A, Smith 

Paris 

20-913 

20*999 

20-90 

100 

V. Regnault 

Dresden. 

20-88 

20-97 

20-93 

40 

VV, Hempel 
E. W. Morley 

Cleveland, Ohio 

20-90 

20-95 

20*93 

45 


Hence, after making due allowance for differences in the methods of 
analysis by different men, it is clear that the relative proportions of nitrogen 
and oxygen in the air collected near sea-level are almost, but not quite, 
constant, Air at higher altitudes has probably quite a different composi- 
tion. It has been observed that the diffusion in the higher strata is not the 
same as in the lower strata, and that the heavier gases tend to concentrate 
near the earth’s surface, while the lighter gases accumulate higher up ; 
but there is not sufficient material to draw any further conclusions. The 
observed intensification of the;hydrogen line would not justify the assump- 
tion of a hydrogen atmosphere,. A, Weneger (1912) estimated that — 


NITROGEN AND ATMOSFHIRIC AIR 


683 


Altitude Atmospberie Hydrogen. Helium. Nitrogen. Oxygen. Argon, 
kilometers. pressure. 

0 760 0*0033 0*0006 78*1 20*9 0*937 

100 0*0128 67 4 1*0 0 

500 0*0016 7 — — — ~ 

or gra-j^liicaily as in Rig. 228. He assumed that in the outermost layers a 
new gas geo-coronium predominates, as is evidenced by the spectra of 
aurora and of the corona of the sun during an eclipse. 

It is sometimes stated that the nitrogen of the atmosi)here merely 
dilutes the oxygen, and so modifies its action on living organisms, and on 
combustion ; that nitrogen is as water to the wine of oxygen, serving to 
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Fig. 228. — Graphic Illustration of the Composition of the Atmosphere 
at Different Altitudes. 


abate the fiery energy of its companion element. It must be remembered 
tha.t the quantity of oxygen in a given space would not be materially 
altered if ail the nitrogen could be suddenly removed. The particles of 
one gas do not compress those of another. The distribution of the oxygen 
is quite independent of that of the nitrogen (Dalton’s law p. 101). 

Carbon dioxide.— Similar remarks apply to the amount of carbon 
dioxide. This is rather higher in towns than in the open country ; but 
diffusion of air by winds, etc., prevents an excessive accumulation in any 
part — excluding, of course, badly ventilated rooms. Thus, J, Reiset 
(1882) found 3*027 volumes of carbon dioxide per 10,000 volumes of air 
in Paris ; and near Dieppe, 2*942 , volumes. These numbers may be 
regarded as normal. The air over .the Antai’ctio ocean contains about 
2*05 parts of carbon dioxide per 10,000 parts of air. This is rathei less 
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than has been noted elsewhere. The proportion of carbon dioxide in air 
at high altitudes is less than near sea-level. In townis, during a fog, seven 
or eight volumes may accumulate ; and in badly ventilated rooms, ten 
times the normal amount of carbon dioxide may be ];>resent. The other 
constituents — excluding moisture — are usually regarded as impurities. 
The essential constituents of normal or average air occur in the following 
proportions: — 


Table XXXVII.— Average CoMPOsmox of Atmospheric Air. 


Per cent, of 

By weight. 

By volume. 

Nitrogen 

75*51 

78*03 

Oxygen 

23*15 

20*99 

Inert gases . . . . . . 

1*30 


Carbon dioxide ...... 

0-04 

0*03 


Ozone, hydrogen peroxide, and nitrogen oxides, — ^The ozone and 
hydrogen peroxide are probably formed by electrical discharges in the 
atmosphere as indicated previously. The same remark applies to the 
oxides of nitrogen. Free nitric acid has been reported in the atmosphere 
of tropical regions, but generally, the nitric acid is combined with ammonia. 
According to A. Levy (1889), -about S lbs. of ammoniacal nitrogen, 
and 1 lb. of nitric acid is returned to the earth per acre per annum with 
the rain. In rural districts the soil is said to receive between 4 and 6 lbs. 
of combined nitrogen per acre per annum from the rain. 

Ammonia.— The ammonia in the atmosphere is largely a product of 
organic decomposition, and it is returned to the earth by rain in the form 
of ammonium nitrate, and sometimes as ammonium sulphate or chloride. 

Hydrogen and hydrocarbons. — ^A. Gautier (1901) found that the air 
of Paris contains per 100 litres — 19*4 c.c. of free hydrogen, 12T c.c. of 
methane, 1*7 c.c. of benzene and related hydrocarbons, and 0*2 carbon 
monoxide with other hydrocarbons. Gautier’s estimate is probably rather 
high, H. Henriet (1904) found 2 to 6 grams of formaldehyde per 100 
cubic metres of air. The presence of hydrocarbons explains the oleaginous 
character of the deposits which form on roofs, leaves of trees, etc., in towns. 

Sulphur compounds. — A. Ladureau (1883) reported 1*8 c.c. of sulphur 
dioxide per cubic metre in the air of Lille. Sulphur compounds are present 
in small quantities as hydrogen sulphide, sulphur dioxide, and sulphuric 
acid in the air of towns. According to R. Warrington (1887), about 
17J lbs. of sulphur trioxide is annually “ poured ” upon each acre of land 
at Rothamsted. G, H. Bailey (1892) reported a maximum of 0*0267 
gram of sulphur expressed as sulphur trioxide per 100 cu. ft. of air near 
the surface of the ground in Manchester. 

Chlorine compounds. — Rain near the sea brings a certain amount of 
chlorine derived from the sea water. The proportion of salt in the air is 
greatest near the sea, and diminishes rapidly farther away from the coast, 
E. Kinch (1900) found, as an average of twenty-six years’ observations 
at Cirencester, that 36*1 lbs. of sodium chloride per acre were brought to 
the earth w-ith the rain. The amount of ^ wind-borne ” sea salt is greatest 
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when the wind blows from the sea. Free hydrochloric acid derived from 
manufacturing operations is sometimes found in the air of towns. 

Moisture. — The average amount of moisture, aqueous vapour, in air 
is rather less than one per cent, by volume ; it may reach 4 per cent, in 
humid climes. The actual amount of aqueous vapour air can carry before 
it is saturated depends upon the temperature. The higher the tempera- 
ture, the greater the amount of moisture air can carry (p. 188). Air seldom 
contains less than 75 per cent, of the possible amount it is capable of holding) 
but much depends on the local conditions — e.g. in the Libyan desert it 
contains but 9 per cent, of the possible amount. The methods for the 
determination of moisture in air — ^hygrometry — are discussed in text- 
books on physics. 

§ 4. Is Air a Mixture or a Compound of Oxygen and Nitrogen? 

Let us assume the function of a judge in a law court, and sum up the 
evidence for the jury. 

1. The proportions of the constituents of air vary a little in different 
localities, but even this small variation is not found with pure chemical 
compounds — ^law of constant proportions, pp. 27, 30. Hence not ail the 
nitrogen and oxygen are combined. 

2. The atomic proportion of nitrogen and oxygen in air is as 3*67 : 1 ; 
this is approximately as 15 : 4. Hence if all the nitrogen and oxygen 
are combined, the formula of the compound is N 3 r, 04 , or NOo. 26 > 
which does not fit very well with the facts summarized by the law of 
multiple proportions, p. 40. A similar result is obtained by consider- 
ing the volume relations of nitrogen and oxygen in air — Gay-Lussac’s 
law, p. 72. 

3. The characteristic physical properties (refractive index, absorption of . 
radiant heat, etc.) of nitrogen and oxygen are modified in air only so far as 
obtains when nitrogen and oxygen are mixed in the same proportions. 
The properties of the two gases are not changed so much as would be 
exj)ected if a chemical compound were formed. Thus, (a) Biot (1806) 
found that the refractive index of air is equivalent to that calculated for 
an equivalent mixture of oxygen and nitrogen; (b) J. Tyndall (1861) 
observed that the amount of heat absorbed when rays from a given 
source are allowed to pass through a column of an elementary gas is usually 
much less than is the case mth compounds. Thus air, oxygen, and 
nitrogen have the same absorptive power, whereas carbon monoxide 
has an absorptive power of 972 units ; nitric oxide, 1590 units ; 
nitrous oxide, 1860 units ; and ammonia 5640 units. 

4. No heat, no change of volume, or any other sign of chemical change 
is observed when air is made artifically by mixing the gases together in 
the right proportions. If a measurable physical property were different 
in air and in an equivalent mixture of the constituents of air, the con- 
clusion would follow that air is a compound ” (H. St. C. Deville, 1864). 

5. The constituents of air can be separated by mechanical means: 
e.g, solution in water (p, 828) ; by atmolysis (p, 129) ; by allowing liquid 
air to vaporize, when the nitrogen distils , off before the oxygen (p. 152) ; 
and J. Dewar has shown that when solidified air is exposed to a magnetic 
field, the oxygen is sucked out of it towards the magnet’s poles “ so that 
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solid air appears to be a magma of nitrogen and oxygen ” separable by a 
magnet. 

Not one of these five reasons is in itself conclusive, but all, taken 
together, form a long chain of circumstantial evidence which would lead an 
unbiased jury to return the verdict; Air is a mechanical mixture of 
nitrogen, oxygen, etc. 

§ 5. The Analysis of Air, 

In order to obtain a thorough knowledge of a gi’eat numbei* of phenomena 
it is important to ascertain, with all the precision that can be attained, 
what are the proportions of oxygen and nitrogen %vhich enter into the com- 
position of the atmosjphere. — C. L, Berthollet. 

Gravimetric process. — The gravimetric analysis of air was made by 
J. -B. A. Dumas and J. Boussingault (1841) in an apparatus similar in 
principle to that illustrated in Fig. 229 where a modern furnace is shown 
in place of the old charcoal furnace, and the number of drying tubes has 
been reduced, A large globe was evacuated, closed, and weighed in that 
condition. This globe was connected as indicated in Fig. 229, with a tube 



Fig, 329, — Diagram illustrating the Principle of Dumas and Boussingault *s 
Method for the Gravimetric Analysis of Air. 


containing metallic copper also evacuated, closed, and weighed. The 
copper tube was connected with a series of bulbs, and tubes containing 
concentrated sulphuric acid to remove moisture and ammonia from the 
air ; and with i)otassium hydroxide to remove carbon dioxide — only a 
few of the tubes used by Dumas and Boussingault are shown in the 
diagram. There may be a temoin tube to show that the air which passes 
into the hot tube is free from carbon dioxide and moisture. The tube 
containing the copper was heated red hot, and air allowed to enter slowly 
by gradually opening the stopcocks. The air on its way to the glass globe 
was depriv^ of all but the nitrogen (atmospheric). When the globe was 
full, the apparatus was cooled, and the globe and copper tube weighed. 
The increase in weight gave the amount of nitrogen in the globe. The tube 
was also weighed. Its increase in weight represented the weight of 
oxygen which was associated, as air, with the nitrogen in the glass globe ; 
the tube also contained some nitrogen. The tube was therefore exhausted 
and weighed again. The difference between the second and third weighings 
of the tube was taken to represent the nitrogen which must be added to the 
nitrogen in the globe. The amount of oxygen was calculated from 
the difference between the and last weighings of the tube, thus, 
Dumas and Boussingault obtained, the following results : 
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Grams* 

651*415 

647*666 

0*069 

3*680 

1403*838 

1391*534 


Tube after experiment . , . . 

Evacuated tube before experiment 

Evacuated tube after experiment . 

Nitrogen . . , ; 

Total oxygen in tube ; . 

Globe with nitrogen at 19®, 762*7 mm. 
Evacuated globe at 19*4®, 762*7 mm. . 

Nitrogen in balloon . . . 

Nitrogen in tube ♦ , . . 

Total nitrogen . . 


Hence in air, the oxygen is to the nitrogen as 3*682 : 12*373, that is as 
22*92 : 77*08. As a mean of six determinations they obtained 23*005 
grams of oxygen per 76*995 grams of nitrogen. The gravimetric process 
is veiy exact. The error need not exceed 0*00001th part of the whole ; 
but the experiment requires special apparatus, and occupies much tiiae. 
Volumetric processes are not so exact, but they occupy far less time. The 
methods which have been employed for measuring the relative proportions 
of oxygen and nitrogen in air are mainly gravimetric and volumetric. 
Historically, the latter methods were developed before the former. In the 
volumetric processes, the oxygen is usually removed from the nitrogen by 
absorbents — alkaline sulphides, phosphorus, alkaline pyrogallol, hot coppei*, 
nitric oxide, and water, etc. — which do not disengage any gas, and have no 
action on the residual nitrogen. * 

Volumetric processes. — The methods employed by Lavoisier, mdicated 
on pp. 22 and 23, are only rough approximations. J. Priestley and C, W. 
Scheele simultaneously observed the quantita- 
tive composition of air, but the latter first | 

attempted a systematic study of its composition 
over extended periods of time. He absorbed 1 

the oxygen by exposing a confined volume of j 

air to a mix toe of iron-filings and potassium | j | jLjfl 
sulphide. Priestley’s nitric oxide method was |J y 
much used in the early days. « I ^ 

Cavendish, for instance, is 1 I [jlT 

said to have made over 600 J* ■ j j w 

analyses bj^ his method be- 11 Jl* 

fore 1790. Hempei’s method, f | 
with an absorption pipette, 
charged with sticks of phos- j 

phoms, Fig. 230, gives y ^ ■ 

better results. C. W. Scheele 
used the phosphorus process 

in 1779. H the pipette be ^pette. 


688 


MODERN INORGANIC CHEMISTRY 


explosion process (p. 69) first employed by A. Volta in 1774 was tested by 
Cavendish who obtained very accurate results. 

An apparatus, Fig. 231, similar to that designed by P. von Jolly (1879) 
can be used, A glass globe is provided with an arrangement whereby 
a piece of copper wire can be heated red hot while inside. The globe 
is fitted with a three-way stopcock which connects it with the gas-measur- 
ing tubes or with the outside air. The gas-measuring tubes are filled 
with mercury, and the globe is then connected with the air-pump, and 
exhausted. A jacket containing iced water is placed around the globe. 
Air dried by passage through wash-bottles containing sulphuric acid is 
allowed to enter the globe, wiiich is then put in communication with the 
gas-measuring tube, and the level of the mercury in the levelling tube 
is read when the mercury in the other tube reaches the mark just below 
the stopcock, CaU this position Pq. The cold jacket is then removed, 
and the copper wire heated. When the oxygen is all converted iiito 
copper oxide, again place the cold jacket in position, and alter the levelling 
tube until the mercury reaches its former position. The height of the 
mercury in the levelling tube is again read. Call this position p. The 
pressure of the mercury has been reduced Pq— p owing to the removal 
of oxygen. Consequently, since the temperature is the same in both cases, 
the percentage x of oxygen in the air must be ;Po • ^ 


§ 6. Argon and its Companions. 

Atomic weight, A = 39*9 ; molecular W’-eight, A — 39*9. Melting point, 
— 187*9°; boiling point, -^186*1°; critical temperature, —117*4°. 
Vapour density (Og — 32), 39*914; (air l), 1*3785. A litre of argon 
under normal conditions weiglis 1*78376 grams. 

The discovery of argon. — ^During 1893-95 Rayleigh found that the 
density of nitrogen derived from the atmosphere by removing the im- 
purities, ammonia, carbon dioxide, moisture, and also the oxygen, was 
14*070 (hydrogen unity) ; and when the nitrogen was prepared from 
nitrous oxide, nitric oxide, ammonium nitrite, urea, or magnesium nitride, 
the density was 14*005. The difference is much larger than the experi- 
mental error involved in the determination, and it was therefore inferred 
that the nitrogen of the air must contain another gas — allotropic nitrogen, 
or some new gas — ^previously overlooked. The disturbing gas was isolated 
by W. Ramsay in May, 1894. It proved to be a new gas which was named 
argon — ^from the Greek apyos (argos), inert, idle. 

Isolation of ** argon,” — The new gas can he obtained by passing atmo- 
spheric nitrogen over heated magnesium, or over a mixture containing one 
part by weight of magnesium filings, 0*25 sodium, and five of quicklime. 
The magnesium reacts with the quicklime^ liberating calcium, which absorbs 
the nitrogen, and also any oxygen which may be present. Argon can also 
he prepared by passing air through a hot tube containing calcium carbide 
at about 800°. The oxygen is absorbed : 2CaC2 + O 2 = 2CaO + 4C ; 
and the nitrogen forms cyanaihide : CaCg -f Ng == CaCNg 4* C. The 
carbide is said to be much more active if it be mixed with 11 per cent, of 
calcium chloride. 

Rayleigh also passed a series of electric sparks through a mixture of 
air and oxygen (p. 617), and removed the nitrogen oxides as fast as they 



HITEOGEN AND ATMOSPHERIC ATE 


689 


were formed by alkalies. About of the atmospheric nitrogen remains 
as a residue which w^iii not combine with the oxygen when sparked in the 
presence of allcalies. This process for isolating the inert gas from air is 
particularly interesting because H. Cavendish made a similar experiment 
in 1785. He laboriously eliminated all the knomi constituents of air, 
but the air did not all disappear; a remnant “ stood its ground.” He 
concluded that if any part of the nitrogen of atmospheric air differs from 
the rest we may safely conclude that it is not more than xlo 
whole,” Cavendish did not pursue the matter further; he was satisfied 
to find it so small. Eemembering the conditions under which Cavendish’s 
experiment was madC;, this estimate is remarkably close to Ramsay’s 
number, Cavendish’s observation was overlooked until Rayleigh 
and Ramsay indicated its importance. 

Properties of argon.— Argon gas is without colour, taste, or smell. 
It is incombustible and a non-supporter of combustion. Argon is remark- 
able in forming no well-defined compounds with other elements. There 
are reports of combinations wuth benzene vapour and with carbon di- 
sulphide, but these have not been substantiated. So far as we know, its 
chemical indifference is absolute ; it is outside the pale of orthodox 
chemistry, 100 volumes of water at 0° dissolve 4*47 volumes, and at 20°, 
2*86 volumes. Hence argon is rather more soluble than air in water, and 
in consequence, -when the gases dissolved in rain \yater are expelled^ by 
boiling, the resulting ‘‘ air ” is slightly richer in argon than ordinary air. 
Argon is present in the gases from sea water, rivers, and springs, as well 
as occluded in certain minerals — cleveite and uraniferous minerals — and 
in some meteorites. It also occurs in rook salt springs, w'-here it must have 
been immersed for ages. The gas must have been captured from the 
diiuvian atmosphere. The argon which was found occluded in meteorites 
could not be induced to re-enter the aerolite. The conditions under which 
the gas was imprisoned cannot be reproduced. Although the atmosphere 
contains so small a percentage — ^less than one per cent. — the absolute 
quantity is enormous — every square mile of terrestrial surface is loaded 
with about 800,000,000 lbs. of argon. 

The inert gases. — ^Argon isolated from atmospheric air as described 
above is contaminated with minute quantities of some other gases, 
for if the liquefied gas be fractionally distilled, Ramsay found that four 
other gases could be obtained : helium — ^named from Greek '/jXios (helios), 
sun ; neon — ^from veos (neos), new ; krypton — from Kpvnros (kryptos), 
hidden ; and xenon— from ^evos (xenos), stranger. The neon, helium, 
argon, and contaminating nitrogen pass off first ; the xenon and krypton 
remain. The more volatile bases are compressed in a vessel oooied by 
liquid air. By repeated fractionation of the less volatile residual liquid, 
the xenon and krypton can be separated from the argon and from one 
another. Similarly, neon and helium can be separated from the contami- 
nating nitrogen and argon. By surrounding the mixture of helium 
and neon with liquid hydrogen, the neon freezes to a wliite solid from 
which the helium can be removed by the air pump. Tiie physical pro- 
perties of these gases are summarized in Table XXXVIII* (p. 690). 

Like argon, they are all inert chemically, . no well-defined compounds 
with other elements have been obtained^, . Hence it is generally stated 
that these elements are null- valent. These gases can be excited elec- 
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tricaiiy so as to furnish characteristic and compies spectra. Ordina^ry 
molecular nitrogen, as we have seen, is somewhat inert to ordinary 
chemical influences, while in the atomic condition it is one of the most 
active of elements. Accordingly, H. E. Armstrong (1895-1912) argued 
that it is possible that the molecules of the inert gases are made up of two 
or more atoms so firmly bound together that they cannot be severed by 
any known chemical process. The evidence for the familiar statement : 

The molecules of the inert gases are monatomic,” as we shall soon see, is 
not conciusive, Neon has been shown, by atmolysis, to be a mixture of 
two other gases of atomic weight 19*9 and 22*1 respectively, but no differ- 
ence has been detected in the physical properties of the tw'o fractions, vkU 
isotopes. There is no perceptible difference in the spectra of the two 
components of neon. The inert gases can be obtained in relatively large 
quantities as a by-product in the manufacture of liquid air. It has been 
proposed to use neon along vdth a little mercury vapour in tubes for 
illuminating purposes, because (1) a comparatively small amount of 
electrical eiierg}^ is necessary to make the tube luminous — it is said that 
1000 volts are needed with air under conditions where but 13 volts are 
required for neon. It is also claimed (2) that in the light emitted from 
the neon lamp blue, red, and green have apparently the same colours as 
they have in daylight. 


Table XXXVlIX-^PHirsiOAi.' Peobebities ob the Null*valenv ob 
Inebi? ,0ases. 


Gas. 

1000 vols, 
air con-',' 
tain ' 
approxi- 
mately. 

Density 

Og ^ ss 
atom© [and 
molecular] 
weight. 

Melting 

point. 

Boiling 

point. 

Critical 

tempera- 

ture. 

Helium, He. , . 

0-0014 

3*99 


-268*7° 

-268° 

Neon, N© . 

0*015 

20*20 

-253® 

-233° 

-220° 

Argon, A , . , 

9*37 

39*88 

-188° 

-186° 

-117° 

Krypton, Kr . 

0*00005 

82*92 

-169° 

-162° 

- 63° 

Xenon, X . . . 

0*000006 

1 

130*22 

-140° 

-109° 

+ 15° 


Helium,^ — ^In 1868 P. J. 0, Janssen detected a prominent orange line in 
the spectrum of the sun's photosphere. This did not correspond with the 
spectral lines of any known element. Hence E. Prankland and J. N. 
Lockyer postulated the existence of a new element which they called 
helium. The same orange line was later detected in the spectrum of 
certain stars ; and in 1882 Paimferi noticed the same line in the spectrum 
of the gases flaming from Vesuvius, While seeking for occluded argon in 
the “nitrogen” which had been reported in many minerals — cibveite, 
fergussonite, broggerite, uraninute, etc. — W. Ramsay found that the gas 
was neither argon nor nitrogen, . The spectrum of the new gas was identical 
with that reported by Janssen and by Palmieri. Hence its name, helium. 
The same gas was later detected in; atmospheric air as indicated above ; 
in the gases dissolved in -certain mineral waters ; and also in the gaseous 
emanations from certain springs — the gas from the Sautenay springs 
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has S“10 per cent, of Iieliiun ; that from Maizieres, 6 per cent. ; that from 
Grisy, 2*2 per cent. ; and that from La Bourhonle, 0*1 per cent. As in the 
case of argon, wlien the helium imprisoned in minerals is once liberated it 
cannot be re-incarcerated. The gas seems to be generated in these 
minerals as a product of the radioactive decay of some of the constituents 
of the mineral— i’tcfe radioactivity. By the rapid evaporation of liquid 
helium a temperature within 2° of absolute zero —273® has been obtained 
by H. K. Onnes (1908), For the use of helium in aeronautics, 
hydrogen.. 

Removal of the gases occluded in minerals.— To remove the occluded 
gases from minerals, the 
pulverized mineral is heated | 

in a hard glass tube, J, sj 

Fig. 232, with or without c 

concentrated sulphuric acid, n/j 

or sodium pyrosulphate. 

The system is fitted as (^rti)| 

shown in Fig. 232, and ex- 
hausted by means of an 
air pump ; Toepler’s mer- 
cury pump,’ 0, is showui in 
Fig. 232. The mineral is ( 

heated under reduced pres- I ] 
sure, and the gases are col- ^ v 
lected in D, the receiver of „ \ 

the pump. The gases on ^ fv” 
their way to the pump 9]^ 
travel through a flask, B, 
containing sticks of solid 
potassium hydroxide to ab- J P 

sorb water 'and sulphur 
compounds. The gas col- 
lected in the gasholder D 
can then be analyzed, or 
freed from hydrogen and 
hydrocarbons by passage over hot copper oxide ; from oxygen by passage 
over hot copper ; from carbon dioxide by soda lime, or potassium 
hydroxide ; from nitrogen by hot magnesium ; and from moisture by 
phosphorus pentoxide — and the residue examined by the spectroscope 
for helium, etc. The helium occluded in monazite sand can be readily 
obtained by this process. 


•Removal of Occluded Gases from 
Minerals. 


§ 7. The Two Specific Heats of Gases. 

It will be remembered that “ specific heat ” is a term employed to 
represent the amount of heat required to raise the temperature of one 

^ Toepler^s pump, O, is worked by raising the levelling tube, 1 1 air is expelled 
from the exit tube, k, by the mercury rising in m* The levelling tub© is again 
depressed, part of the air in AB enters the globe m. The air in m is expelled by 
again raising the levelling tube 1, until a little mercury runs down, the tube k ; 
the valve n prevents running back into B* These operations are reneated until 
the required degree of exhaustion has been attained* 
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gram of a substance P. A gas can be heated by simple compression, its 
specific heat must then be zero ; but a certain amount of energy, equivalent 
to the specific heat, is needed for the work of compression. Again, a gas, 
if it be expanded, is cooled ; if the cooling effect of expansion just counter- 
balances the heat added to the gas, the temperature remains constant ; 
and the specific heat appears to be indefinitely large. Here work, equi- 
valent to the heat supplied, is performed by the expanding gas. These 
facts show that the condition of the gas must be stated before it is possible 
to define its specific heat. It is conventionally agreed that if the gas be 
allowed to expand during a change of temperature so that its pressure 
remains constant, the amount of heat required to raise the temperature 
of one gram of the gas 1® shall be called the specific heat under constant 
pressure, and symbolized by Cp. If the pressure be increased so that the 
volume remains constant when the gas is heated, the amount of heat 
required to raise the temperature 1*^ is likewise called the specific heat 
under constant volume, and symbolized 

In the following discussion, it will be remembered that the kinetic 
theory assumes that the temperature is proportional to the average speed 
of translation of the moving molecules — an increase of the speed is accom- 
panied hy a rise of temperature, and conversely. The heat imparted to a 
gas is not spent merely in raising the temperature of the gas ; that is, in 
speeding up the motions of the molecules. Energy is spent in — 

(1) Augmenting the speed of the moving molecules. — The heat 
required to actually increase the kinetic energy of the moving molecules 
so as to produce a rise of temperature is the same for all gases. Let a 
denote this quantity. 

(2) Performing external work. — ^Heat energy is needed to overcome 
the pressure of the atmosphere when the gas is allowed to expand. Call 
this quantity b. Since the coefficient of thermal expansion of all gases 
is the same (p. 103), this quantity is practically constant for equal volumes 
or equimolecular weights. 

(3) Performing internal work. — Heat energy is required to produce 
changes within the molecule which may alter the motions or orientation 
of the constituent atoms of the molecule, or raise the kinetic energy of 
the atoms moving within the molecule. Let c denote the energy spent 
within the molecule per degree rise of temperature. A certain amount 
of energy must also be spent in overcoming the effects of intermoleciilar 
attractions {p. 124). This can be neglected for the time being. 

The ratio of the two specific heats may now be -written : 

Ot) a + c 

The specific heat of a gas at constant volume. — ^We have seen, 
p. 140, that p?; = JAf w^here M denotes the mass, and V the average 
velocity of the molecules. But the kinetic energy of a body of mass M 
moving with a velocity V is ; heneepv = f X fif ; or the kinetic 
energy of the molecular motions is But pv = RT, p. 105. Hence 
the kinetic ener^ of molecular motion is f If one gram of gas be 
heated 1°, the kinetic energy becomes -f 1). Hence if the gas be 
heated 1*^ at constant volume, the thermal value of the increased kinetic 
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energy is T + X) “ f cals. This resnit represents the specific 

heat of the gas at constant volume ; or, (7^, = |i2. 

The external work done by an expanding gas.— Again, if a gram 
of gas expands against atmospheric pressure when its temperature is raised 
1°, the gas, in consequence, does work by pressing back the atmosphere, 
so to speak. The equivalent of this work must be supplied in the form of 
heat. This work is equivalent to the product of the pressure against the 
change in volume. Let x denote the change in volume when the gas is 
heated 1°, under a constant pressure ; then, p{v x) = + 1)> 

pv — ET, p. 105. By subtraction px = E, This means that when a 
gram of gas is heated 1^, the resulting expansion against atmospheric 
pressure does work equivalent to i? cals. 

The specific heat at constant pressure. — Hence, B cals, must be 
added to the previous result to obtain the thermal equivalent of the energy 
supplied to one gram of gas in the form of heat when its temjjerature is 
raised 1°. Otherwise expressed, if one gram of gas be heated 1®, at con- 
stant pressure, an amount of heat equivalent to -f~ ^ fX? is required. 
This result represents the specific heat of the gas at constant pressure, or 

= p. 

The numerical value of E can be calculated : 

From equation (6), p, 105, it follows thatpw/T = piVijT, and if Vi represents the 
volume of a gram-molecule of any gas at N.P.T., we have, p, 84, Vi == 22,300 c.c. ; 
Pi from p, 95, is 1033*3 grams per square centimetre ; and Ti — 273° C, Hence, 

' ' 1033*3 X 22,300 ^ , 

K —273 — 84,700 gram-centimetres of energy. 

From Joule’s experiments on the mechanical equivalent of thermal energy 
it is known that one gram-centimetre of mechanical energy is equivalent to 42,650 
calories. Hence, pvjT ~ 2 Cals, nearly ; but (5), p. 105, pv/T = E ; hence, E ^ 
2 Cals, nearly. 

The ratio of the two specific heats of a gas. — Returning to the 
ratio of the two specific heats, which is usually symbolized y, we can now 
write a = p, and 5 = 12, or : 

The magnitude of c will vary with different gases, for it will naturally 
be related somehow with the complexity of the molecule. The greater the 
value of c, the less the value of the ratio of the two specific heats. For a 
monoatomio gas, o is probably zero, and the numerical value of the ratio 
becomes y = f, or 1*07. The greater the complexity of the molecule, the 
greater the value of c, and the smaller the value of the ratio of the two 
specific heats. This is illustrated by the following table : 
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Table XXXIX.— Ratio of the Two Specific Heats of Gases. 



■■Mole-;. 

pule.! 

Atoms 

per 

mole- 

cule. 

y 

Gas. 

"Mole"!-'' 
■'cule. ", 

Atoms 
per. . 
,'nloie-.' 


Mercury . 

Hg 

1 ' 

i-07 

Carbon dioxide 


3 

1*31 

Argon 

A 

i ■ 

1*65 

Nitrous oxide . 

,N.,0 

3 

1*31 

Hydrogen 

Ha 

2 

1-41 

Hydrogen siili)hide 

h;s ., . 

v'/.'S: ■ ■■ 

1-31 

Nitrogen . 

n; 

' . 2 '] 

1*41 

Ammonia . 

NHjj 

"4'": 

1*30 

Oxygen . 


. . 2 ,1 

1-40 

Methane 

0114 


1-27 

Carbon monoxide 

c6 

2" 

1*40 

Ethylene . 


6 

1*24 

Hydrogen chloride 

HCl j 

2 

1*39 

Ethane 

CjHo 

■ 8 


Chlorine . 

Ci, . 

.2 . 

1-32 

Alcohol 

C,H.OH 

9 

1 1*1,3, 

Bromine . 

Bi'a 

2' '■ 

1-29 

Benzene 


12 

1*09 

Iodine 

I, 

■ 2 . 

1-29 

Ether .... 

OAoO 

15.''! 

1*06 

Iodine chloride . 

ICl i 

' 2 ■■ ' 

1-31 

Turpentine 


";'26. 

i*03 


The ratio of the two specific heats and molecular weights,— 
These numbers mean that if the ratio of the two specific heats of a gas 
be about T6, the gas will usually have one atom per molecule, with a ratio 
about 1*4, two atoms per molecule, and about 1*3, three atoms per mole- 
cule, The kinetic theory would have no explanation to offer if the value 
of y were greater than If ; but no cases are knowm. There are a number 
of discrepancies. This must be expected oving to difierences in molecular 
attraction, tendencies to polymerization, dissociation, etc., which afiect the 
value of c. The coloured gases— -chlorine, bromine, iodine, and iodine 
chloride, with tw^o atoms per molecule — give lower values than is usually 
obtained wdth the colourless diatomic molecules ; and gases which are 
readily condensed to liquids give rather lower values than those less readily 
liquefied* Hence if the ratio of the two specific heats of a gas falls into 
one of these groups — 1*6, 1*4, 1*3 — ^this fact may be taken as circum- 
stantial evidence, but not conclusive proof, that the molecule has 
a corresponding number of atoms per molecule. There is, however, no 
unimpeachable law connecting the specific heat of a complex molecule 
with the number of the constituent atoms which is independent of the nature 
of the atoms. The ratio of the two specific heats of argon and the inert 
gases appears to be about T6, and hence it is supposed that the molecules 
of th^e gases are monatomic, like mercury. This means that the density 
(H = 2), the molecular weight, and the atomic weight wdll probably have 
the same numerical value. Hence the determination of the ratio of the 
two specific heats ^ provides an independent method . of ascertaining 
the number of atoms in the molecules of a gas wdthout reference to the 
compounds of the element. In the ease of mercury, the monatomioity of 
the gas has been established altogether apart from this reasoning. 

This subject cannot be passed by without bringing the weak step in 
the above reasoning into prominence. The low molecular heats of the 
inert gases are assumed to prove ! that these gases have one-atom mole- 
cules. But it is easy to see that if ., little or no heat is expended in doing 
internal work when the temperature of a gas is raised, a gas with poly- 

^ The value of y eaii be deterrained experimentally by measuring the velocity 
Of sound in gases. Bor tliis see any text-book on Physiesv 
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atomic molecules might be reported to have monatomic molecules. 
Unlil^e mercury, the inert gases do not form chemical compounds, and 
hence the number of atoms in the molecule cannot be determined by the 
usual methods based upon Avogadro’s hypothesis. The inference that 
the molecules of the inert gases are monatomic thus involves an assumption 
which is less readily granted than is the ease with mercury, cadmium, etc,, 
which do form, volatile chemical compounds. 


§ 8, The Specific Heats of Elementary Solids — Dulong and Petit^s 

Rule.. ■ 

The atomic heat, that is, the thermal capacity of the atoms of an 
element, is the product of the specific heat and atomic weight of the 
elejnent. P. L. 33ulong and A. T. Petit (1819) in their study of the specific 
heats of different solid elements obtained a remarkable result. They 
found : The product of the atomic weight, Wy and the specific heat, c, of 
an element has nearly always the same numerical value — 6*4, or say 6 — 
Dulong and PetiPs rule. This means that the atomic heats or the thermal 
capacity of the atoms of the elements are approximate^ the same,. The 
relation is usually expressed : 

Atomic heat = Cw ~ 6*4 

In illustration, a few elements may be selected at random from a list 
containing nearly 50 elements for which data are available : 

Table XL. — ^Atomic Heat op Elements. 


Element. 

Specific heat. 

Atomic weight. 

Atomic heat. 

Lithium 

0’9408 

6*94 

6*53 

Silver 

0*0569 

107-88 

6*03 

Gold 

0-0304 

197-2 

6*26 

Copper 

0-0923 

63-57 

6*88 

Bismuth .... 

! 0-0306 

208-0 

6-34 

Lead 

1 0*0316 

207*10 

6-62 

Aluminium .... 

1 0*2143 

27*1 

5-81 

Iron 

0-1098 

65-85 

6-12 

Uraninin , , . , 

0*0277 

338*5 

6*61 


The atomic weights here range from 6*94 to 238*5, and yet, when multi- 
plied by the respective specific heats, the products are nearly constant. 
Rigorous agreement caimot be expected. The divergencies are too large 
to be accounted for by the inevitable errors of observation involved in 
measuring the specific heats, but the very irregularity of the divergencies 
leads to the view that Dulong and Petit’s law approximates to a truth, 
and that the observed differences are, due to disturbing effects which are 
not functions of the atomic weight--e.gf* crystalline form ; different 
relations between the temperature at which the specific heats were deter- 
mined and the critical fusion temperature ; etc. ' 

Infiinence'of temperature 'da the heats of carbon, silicon, 

boron, and beryllium. — Silicon, lK>rOii, berylHum, and carbon, at ordinary 
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temperatures, have atomic lieats represented respective^ l>y 4*8, 2*6, 
3*4, and 1*35 ; but at higher temperatures, these elements a|)proximate 
close to 6, This is illustrated by the diagram, Fig. 233, which represents 
the influence of temperature on the atomic heats of the elements named. 
The specific heats of silicon, boron, beryllium, and carbon change 
with temperature, until a point is reached at which they are nearly 
constant. This point is near 600*^ for carbon and boron, and about 200° 
for silicon. Conversely, the specific heats of the metals become very 
small towards the absolute Kero. For example, the amount of 
heat required to raise the temperature of copper at —250° one degree 
is thirty times smaller than that required at 0°. The atomic heats 
of the elements generally, diverge from Dulong and Petit’s constant as 
the temperature falls, and converge towards a constant value as the 
temperature rises, : 


Metal. . 1 

-150'=’ 

( 

-100'’ 1 

! 

-60° 

0° 

60° 

'Silver, . . i 

4-97 

5*46 

5*80 

6*03 

6*06 

Gold . . . ; 

5*25 

5*54 ■ j 

5*78 i 

5*97 

6*10 

Bismuth . ; 

5-49 , 

5*67 

5*86 

6*06 

6*27 . 

Aluminium . j 

3-71 1 

1 

4*54 1 

1 ' 

6*19 

5*68 

6*89 


Some believe that the divergencies are mainly due to the fact that the 
temperatures at which the specific heats have been determined stand in 

a different relation to their points of 
fusion. Lead, for instance, at the tem- 
perature of boiling water, is much 
nearer its fusion temperature (327°) 
than iron (melting at 1530°) would be ; 
but in the case of many elements, the 
specific heat does not change very much 
with such small changes of tempera- 
ture. A more likely explanation is to 
assume that the divergencies are due 
to differences in the configmation or 
orientation of the oscillating molecules 
or the oscillating atoms of the solid 
» elements. We have seen that the heat 
required to raise the temperature of a 
body, according to the kinetic theory, is 
spent in raising the kinetic energy of 
the molecules ; and probably also in 
raising the kinetic energy of the constituent atoms ; in raising the volume 
of the body ; and in overcoming molecular attractions. The coefficient 
of thermal expansion of solids is small, and therefore also the work of 
expansion of solids against external pressure is small. The difference 
between the specific heats of a solid and gaseous element is usually 
great. Thus iodine, gas, has an atomic heat 3*3 ; and iodine, solid, 6*9 ; 
bromine, gas, 4*7; bromine, solid> 6*7. Variations in the complexity of 
the molecules of an element lead to similar differences. Thus: the 
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specific heat of amorphous carbon is 0*2609 ; graphite, 0*2000 ; and 
diamond, 0*1470 ; the specific heat of ordinary tin is 0*0o59, and of 
alio tropic tin, 0*0545. Similarly, difierences in the physical condition 
may also produce an effect on the specific heat. Thus : the specific heat 
of hard tempered steel is 0*1175, and of soft tempered steel, 0*1165. 
Consequently, it must be inferred that the heat does important work 
other than merely raising the kinetic energy of the molecules. It is 
therefore strange that the relation pointed out by Dulong and Petit 
does not exhibit greater divergencies. 

The rectification of atomic weights by Dulong and Petit^s rule : 
Cw = 6*4. It will be obvious that if the specific heat of an element be 
known, it is possible to compute an approximate value for the atomic 
weight. The number so obtained may be useful for deciding between 
two numbers which 'are multiples of a common factor. The method is 
obviously only applicable to elements whose specific heat can be deter- 
mined. W. A. Tilden (1900“3) tried unsuccessfully to find the conditions 
of temperature for which Dulong and Petit’s law holds absolutely. Hence 
he concluded that the usual application of this law to the rectification 
of atomic weights “ is a rough empirical rule, which, setting aside silicon, 
boron, beryllium, and carbon, is only available when the specific heats 
have been determined at comparatively low temperatures, usually and 
most conveniently between 0® and 100°.” The specific heat method of 
fixing the atomic weights is not used in modern chemistry because of the 
variation in the specific heat with temperature, and because more exact 
methods are available. 

Examples. — { 1 ) Whafc is the atomic weight of silver assuming that the specific 
heat is 0*0559 ? Here, 6*4 -f- 0*0559 = 108 nearly. This is close to the accepted 
value for the atomic weight of this element. 

(2) Platinum chloride, on analysis, furnished 35*5 grams of chlorine per 48*6 

grams of platinum. The specific heat of platinum is 0*0324, and the atomic 
weight is approximately 6*4 -f- 0*0324 == 197*5. Hence, since 197*5 48*6 = 4 

(nearly), it follows that if the atomic weight of chlorine is 35*5, the atomic weight 
of platinum must be nearly 48*6 X 4 = 194. 

(3) When indium was first discovered the analysis of its chloride furnished 

indium 37*8 ; chlorine 35*5. The equivalent of indium is therefore 37*8. The 
formula of the chloride was thought to be InClg, and the atomic weight was 
accordingly represented 75*6. The specific heat of the metal was found to be 
0*057. Hence, 75*6 x 0*057 = 4*6. If 76*6 be the correct atomic weight, the 
product would approximate closer to 6*4, and hence it was inferred that 75*6 is 
not the correct atomic weight of indium, rather docs the atomic weight approxi- 
mate to 6*4 0-057 = 112*3. If InClg be the formula of the chloride, the atomic 

weight will be 27' 8 x 3 — 113*4, which is the number usually adopted for the 
atomic weight of thivS element. 


§ 9. Molecular Heats. 

Solids. — ^The molecular heat or thermal capacity of the molecules of 
a substance is defined as the product of its specific heat and its molecular 
weight. In 1831 F. E. Neumann noticed that the product of the specific 
heat and the molecular weight of compounds of similar composition is 
nearly constant — Neumann’s law. The value of the constant varies from 
one series of compounds to another., Thus ; , 
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Table X.LI.-— -Molecelab. Heats oj’ Solids, 


Car* 

foonates. 

^ Mol. wt. 

Sp. 

heat. 

Mol. 

heat. 

Chloride. 

Mol. wt. 

8p. 

heat. 

Mol 

heat. 

CaCOg 

1 100*09 

0-206 

[ ■ 20-6 ■ 

BaClg 

208*29 .! 

0*090 

18*7 

SrCOft 

1 uim 

0-U5 

i 21-3 

SrCh 

168*54 i 

0*12 

10*0 

BaCOa 

1 197*37 

0‘i09 

; 21*4 

PbCfo 

277*02 I 

0*066 

18*3 

PbCOa 

; 277-02 1 

' o-oso 

i 21*3 

Hgoi; 

270-92 1 

■ "-1 

0*069 

19*2 


J. P. Joule, ill 1844, brought forward some eiddcnce indicating that the 
molecular lieat of a solid comjiound is approximately the sum of the atomic 
heats of its constituent elements — Joule^s law*^ H. Kopp (1865) expressed 
the same idea by saying that each element has the same atomic heat 
in compounds as it has in the free state. This means that if 6*4 be the 
atomic heat of each element, and the compound contains n atoms, the 
molecular heat of the compound will be approximate!}^ 6•4?^. Otherwise 
expressed, the quotient obtained by dividing the molecular heat of a 
compound by the number of elementary atoms in one molecule is 
approximately equal to 6*4. There is obviously a difficulty with the 
carbonates. This is possibly connected with the difficulty previously 
found for carbon. Further, if the atomic heats of all, but one of the 
elements in a compound be known, the unknown atomic heat can be 
computed ; thus, the atomic heat of chlorine in lead chloride is 
-J(18'3 — 6*4) = 5*9. A comparison of the results of experiment with 
calculations based upon Neumann’s and Joule’s laws is indicated in the 
following table : 


Table XLII, — Molecular Heats or Solids. 


Compound. 

Formula, 

Sp. lioat. 

Mdl Weight. 

■ ,■ ■ 

1 Molecular heat. 

Observed. ' 

Calculated. 

Mercuric chloride . 

HgCla 

' 0*0680 

1 270-92 

18*67 

19-2 

Mercuric iodide . 


0*0420 

453*84 

19-06 

19-2 

Mercurous chloride . 

Hgc! 

0*0520 

235*46 

12-25 

12-8 

Mercurous iodide . ' 

Hgl 

, 0*0385 

326*92 

12-91 

12-9 


There are many discrepancies, as might be expected, and for the reasons 
stated in connection with the atomic heats of the elements. This is 
illustrated by the fact that E. Honath (1878) deduced 120 for the atomic 
weight of uranium from the specific heat -of uranosouranic oxide, whereas 
C, Zimmermann’s value for the specific heat gave twice Donath’s value, 
viz. 240. , . ^ ^ 

Examples. — (1) Calculate the specific heat of solid oxygen given the specific 
^afc of potassium chlorate, KClOa,,0'194 and that of potassium chloride 0T7L 
Here the molecular heat of potassium dhloraiejmoleoukr weight X specific heat) 
7 ji and of potassi um chloride, 1^-a. Thedifierenc© 25-7 X i2*9repr©* 

sometimes calied'afkr“A.'''d Woestyn, 1848 I and after H. Kopp, 
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sents the molecular heat of O 3 , hence the atomic heat of oxygen will be } of 
12*9 4*3. By definition, a, tomic weight X specific heat of solid ^ atomic heat o£ 
solid = 4*3- Hence, the specific heat of solid oxygen will be 4*3 -f 16 === 0*27. 

(2) The specific heat of silver chloride is 0*0911, and that of silver, 0*067; 
assuming the atomic weight of silver to be 1 07* 9, what is the specific heat of solid 
chlorine ? The molecular heat of silver chloride is 13*1, and the atomic heat of 
silver is 6*2. The difference 13*1 — 6*2 = 6*9 represents the atomic heat of solid 
chlorine. The specific heat of solid chlorine is therefore 6*9 -r 107*9 = 0*064. 

The molecular heats can be employed to rectify the atomic weights 
of elements which do not form volatile compounds. Thus, the analyses 
of mercurous and of mercuric salts indicate that the atomic weight of 
mercur}?* may be 100, 200, . . . If the atomic weight be 100, the formula 
of mercurous cliloride will be HgoCl, and of mercuric chloride, HgCl ; while 
if the atomic weight be 200, the formulae will be those indicated in the 
above table. 

Examples. — ( 1 ) The analysis of barium chloride furnishes 35*6 parts of chlorine 
per 68*7 parts of barium. Tlie specific heat of barium is 0*0465. What is the 
atomic weight of barium, when the atomic weight of chlorine is 35*6 ? The 
formula of barium chloride may be written Ba/cCf, where x is to be determined. 
The atomic weight of barium, by Dulong and Petit’s rale, wall be of the order 
6*4 ~ 0*0465 = 137. Taking 35*6 as the atomic weight of chlorine, the fraction x 
must be of the order 68*7 -f- 137 s =5 |. Hence the formula of barium chloride is 
Ba^Cl, that is, BaGlg, or some multiple of this. Hence the atomic w’exght of barium 
(chlorine, 35*5) must be 2 X 68*7 ~ 137*4. 

(2) The percentage composition of platinum chloride is; Platinum, 67*7; 
chlorine, 42*3. The specific heat of platinum is 0*0324. 'What is the atomic weight 
of platinum ? Hint, see (2) in the last but one set of examples. The ratio of the 
constituent elements is as 48*6 : 3o*5 ; the atomic weight is of the order 197*5 ; the 
ratio X is nearly | ; and hence the formula of the chloride is PtCl^ or some multiple 
of this. Plence, assuming the atomic weight of chlorine is 35*5, the atomic weight 
of platinum will be 4 X 48*0 = 194*4. 

Gases and liquids. — The molecular heats of gases vary according as 
the specific heats have been determined at constant volume or constant 
pressure. The ratio of the two molecular heats of gases corresponds with 
the values determined for the ratio of the two specific heats. The mole- 
cular heats of monatomic gases at constant volume approximate to 3 ; 
of diatomic gases, to 5 ; of triatomic gases, 7-|-, etc. The molecular 
heats of liquids are generally greater than of the corresponding vapours. 

The meaning of Dulong and Petifs rule. — The fact that the 
atomic heats of all elements are approximately the same, led Dulong 
and Petit to infer that “ the thermal capacity of all atoms is the same.” 
This means that every atom.' — ^no matter of what kind, requires the same 
amount of heat to raise its temperature 1®. Joule’s rule means that 
each elementary atom retains the same capacity for heat when it is 
combined as it had when free. The number and kind of other atoms 
present and their mode of combination seem to have no infiuence on the 
numerical value of this property. It must be added that W'C can form no 
real conception of the “temperature of an atom or of the “temperature 
of a molecule.” All our conceptions are based on the properties of atoms 
and of molecules en masm* It is often stated that at the “ absolute 2 :ero ” 
of temperature, —273°, atomic motion inust cease. This is a mere assertion, 
of no intrinsic value, and probably wrong. . The statement might be true 
of the translatory motion of atom or* molecule. According to the kinetic 
theory, temperature is proportional to tbe ldnetic energy of the molecules ; 
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and accordingly, as indicated previously, Eulong and Petit’s rule points 
to a similar relation. The observations of Neumann and Joule indicate 
that the constituent atoms of a solid compound behave as if the solid 
were a mechanical mixture of its component atoms, and each atom 
were free to vibrate independently of the others (see p. 147). 

In 1871 L. Boltzmann showed that the kinetic and potential energies 
of the molecules of a monatomic solid vibrating about a position of equi- 
librium are equal in magnitude, and that the total energy of the vibrating 
solid is shared equally between the average kinetic and potential energies, 
and is twice the value of either alone- If a monatomic gas be in contact 
with a solid with monatomic molecules, the bombardment of the gaseous 
molecules will produce a state of thermal equilibrium when the mean 
kinetic energy of the vibrating atoms of the solid is equal to the mean 
kinetic energy of the translatory motions of the molecules of the gas. It 
is shown on p. 692 that the kinetic energy due to the molecular motions is 
BJiT, and therefore the total energy—- kinetic and potential— is 2 X |i2T, 
or SJSTy where J? is nearly equivalent to two calories per gram atom per 
degree. Accordingly, the atomic heat of the solid will be 3B = 6 nearly. 
Thus Boltzmann arrived at a reasoned explanation of Dulong and Petit’s 
law which had been derived empirically at the beginning of the century. 
Still later, A. Einstein, in 1907, extended to heat an earlier hypothesis of 
Planck (1906) on the radiation of light. The evolution and absorption of 
energy are not supposed to be continuous processes, but they are assumed 
to take place per saltum in quantities e, 2^, 3^, , . . but not in intermediate 
amounts |e, . . The mathematical treatment of this hypothesis gives 

the expression : 

on 

Atomic heat = - -r\ -> 

- 1 )- 

where is •written in place of and P is -written in place of h/k, where 
k is the atomic gas constant and is equivalent to the ordinary gas constant 
R divided by the number of atoms per gram atom of gas (approximately 
6*06 X 1023) . jg ^ fundamental constant numerically equal to 6-62 X 
such that e == hv, where v represents the frequency of atomic vibra- 
tions -which can be determined from spectrometric observations in the infra- 
red. The magnitude € is called a quantum of energy ; and the fundamental 
hypothesis, the quanta theory of energy. When T is large, the correction 
is small, and the atomic heat reduces to Boltzmann’s SR, Einstein’s 
formula connecting the atomic heats of solids -with their vibration fre- 
quencies was very promising, since it gave results in close agreement with 
observations on the variations of the atomic heats of silver, diamond, 
etc., over a range of temperature from about —238° to about 900°. W. 
Nernst and P. A. Lindemann (1911), P. Eebye (1913) and others have since 
improved the fundamental assumptions so much that J, H. Jeans (1914) 
could write ; The application of the quantum theory to the explanation of 
low temperature specific heats, from its complete naturalness, and from its 
agreement with experiment, seems destined to be final.” 


Questions, 

I. How may the composition of air .be determined ? 'Would the composition 
of the air be represented either by the formula N4O or N4 + O ? Give reasons 
for your answer . — Cambridge Sefiior Lom^, 
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2. State the law of Diiloiig and Petit and explain its application. Discuss 
its limitations to the determination of atomic weights.— Oo?/, of Preceptors. 

3. Classify in some logical way the various components of the air. Give 
proof that the air is a mechanical mixture^ Explain how nitric acid is manu- 
factured from certain components of the air, and tell why this process promises 
to be of very great importance.— .Pnncefon. 

4. Show : (o) How a mixture of chlorine and hydrochloric acid may be freed 
from the latter ; (6) .How hydrochloric acid may be freed from, moisture ; (c) 
How ammonia may be freed from moisture ; (d) How a mixture of nitrogen and 
oxygen may be freed from the latter ; (e) How a mixture of nitrogen, hydrogen, 
and hydrochloric acid may be freed from the latter two. — Amherst Coll., U.S.A, 

5. A given volume of air is left in contact with lime (calcium oxide) ; a second 
volume of air is shaken up with an acidified solution of ferrous sulphate. Care- 
fully describe the changes which occur in the air and in the reagent in each case. 
■^Univ. North Wales. 

0. When the dross or shimmings from molten aluminium are allowed to cool, 
and then treated with water, the smell of ammonia is often in evidence. Suggest 
an explanation based on the known properties of aluminium. 

7. The specific heat of iron at temperatures up to 100° is 0T138, but at 1000° 
it has been found to be 0*218. If the law of Dulong and Petit holds good at high 
temperatures, what would the atomic weight of iron be under such altered con- 
ditions ? — Science and Art Dept. 

8. Name the gases which form the atmosphere, and describe the part which 
each plays in connection with animal and vegetable life . — Tasmania Univ. 

9. Give a succinct account of the early experiments of Cavendish on the 
composition of air, and of the further investigations of Lord Rayleigh and Prof. 
Ramsay which led to the discovery of a new constituent of the atmosphere,^ — 
Sci67ice and Art Dept. 

10. An oxide of a metal contains 48*0 per cent, of oxygen. What is the exact 
equivalent of the metal ? If the specific heat of the metal was found to be 0*123, 
what is the probable atomic weight and valency of the metal, and what would be 
the probable nature of the oxide ? — Inter. B.Sc., Manchester. 

11. What facts, with regard to carbon, boron, and silicon help to explain their 
anomalous beha viour as regards the law of Dulong and Petit ? Give illustrations 
of the value of this law in determining atomic weights. — London Univ. 


CHAPTEE XXX 

Phosphoexts 

§ 1 . Phosphorus — Occurrence and Manufacture. 

Atomic weidit, P 31 ; molecular weight, P 4 = 124. Ter- and qiiinque- 
valent, .Melting point of yellow, 44° ; boiling point, 290°. Specific gravity at 10°, 
1*8.1 ; vapour density, 127*1 { 1-12 ~ 2) ; 4*42 (air = 1), 

Bone -ash. — The animal skeleton is mainly composed of bone. Bones 
contain non-combustible mineral matters, and combustible organic matters. 
Fatty organic matter can be extracted by digesting the bones with solvents 
like l)enzene, carbon disulphide, ether, chloroform, etc., which dissolve 
tlie fat, and leave behind “ degreased bones ” ; the gelatinous matters — 
glue — can be extracted by digesting the bones with water heated under 
pressure — “ degeiatinized bones ” remain behind. The degelatinized bones 
still contain combustible carbonaceous matters, and if they be heated in 
iron retorts, out of contact with air, gaseous and liquid products distU 
over, and a residue of “ animal charcoal ’’ remains in the retort, Dippel’s 
bone oil occurs among the liquid products of the distillation. A similar 
result is obtained if degreased or raw bones be heated in the retorts. If 
animal charcoal, or degreased, degelatinized, or raw bones be heated in 
air, the organic matters burn, and hmie-ash remains. Bone-ash is used in 
the manufacture of manures, phosphorus, English porcelain, cupels, 
baking jDowder, atc. 

The manufacture of phosphorus — ^retort process. — If powdered bone- 
ash be intimately mixed with sulphuric acid, Tvhite insoluble calcium sul- 
phate is formed. It is best to add just sufficient sulphuric acid to transform 
all the lime into calcium sulphate. The insoluble matters are separated by 
decantation and filtration and washed. The clear filtrate is evaporated to a 
syrupy liquid ; mixed with about one-fourth its w^eight of coke or charcoal, 
and dried by heating in cast-iron pots. The dried mixture is then heated 
to redness in fireclay retorts with their necks dipping under the surface of 
the water. A mixture of hydrogen and carbon monoxide gases escapes, 
and crude phosphorus condenses as a dark brown solid. From this experi- 
ment it is inferred that bone-ash is a compound of phosphorus and lime. 

The chemistry of the process is somewhat as follows : Bone-ash is a 
more or less impure form of calcium phosphate, Ca3(B04)2. When this 
is treated with sulphuric acid, calcium sulphate, CaS04, separates, and 
either normal phosphoric acid, Ca3(P04)2 + 3H2SO4 ™ 3CaS04 + 
2H3PO4, or calcium superphosphate, CaH4(P04)2, remains in solution. 
When the evaporated solution is heated, metaphosphoric acid, IIPO3, 
is formed : H3PO4 = HgO + HPO3, in the one case, and in the other 
case calcium metaphosphate, Ca(PO 3)^, Is, produced; either of these com- 
pounds, in turn, when heated with .carbon, is reduced to the element 
phosphorus : 2HPO3 60 4- Hg + 2 P. With calcium metaphos- 
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pbate, silica and carbon are employ ed> and calcium silicate is a product 
of the reaction : Ca(P 03 ) 2 “'r 3 C + SiO^ CaSiOg + oCO 4* 2P« The one 
scheme may be represented : 

’^> H 3 PO 4 HPO 3 P 

and the other scheme : 

Ca3(P04)2 CaH:4(P04)2 GaCPOglg P 

The manufacture of phosphorus — electrical process. — If bone-asli 
be mixed with very finely divided silica and coke, and heated in fireclay 
retorts to a high temperature, a similar product is obtained. The yield, 
however, is not so good unless the temperature is inconveniently high. 
If the mixture be heated in an electrical furnace dtted with carbon rods for 
conducting the electric current as illustrated in Pig. 234, the production 
of the high temperature presents no 
difficulty, and phosphorus distils over. 

Liquid slag is periodically tapped and 
run from the bottom of the furnace 
D, and a new change introduced so 
that the process is continuous. The 
charge is fed into the hopper A, and 
thence passes into the chamber B, and 
to the conveyer O', which works some- 
thing like an Archimedean screw, 
and carries the charge to the furnace. 

At the beginning of the operation an 
alternating current is sent through a 
pair of thin carbon ** electrodes,” not 
shown in the diagram, until the 
furnace is hot. When heated, the 
resistance of the furnace is reduced, 
and a current is sent through the 
electrodes and the thin electrodes 
are withdrawn. The phosphorus vapours and gases escape through a 
tube 0. To prevent misunderstanding, it may be necessary to point out 
that the electric current does its work by raising the temperature of the 
mass, not by electrolysis. 

The chemistry of the process is somewhat as follows: When calcium phos- 
phate is heated with finely divided silica, SiOg, calcium silicate OaSiOg^ 
and phosphoric oxide are produced: Cag(P 04)2 H- SSiOg — SCaSiOg -f 
The latter is reduced by the carbon : PoOs-fbC^bCO-f 2P. The addition 
of a flux keeps the calcium silicate in a fluid condition and enables it to 
bo tapped from the furnace as a molten slag. The carbon probably accele- 
rates the rate of decomposition of the phosphate by the silica because the 
reaction progresses more quickly at a lower temperature in the presence of 
carbon than when car bon is absent. Mineral phosphates (e.gr, sombrerite) 
are also used in place of bone-ash for the preparation of phosphorus. 

The purification of phosphorus.— The crude phosphorus obtained 
by the processes of manufacture just described, contains caiffion and other 
impurities. The methods of purification usi^ by many manufacturers 
are guarded as trade secrets. According to the text-books, phosphorus 
is purified by redistillation from iron retort^ br; by warming the phosphorus 
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with a mixture of sulphuric acid and potassium di chromate so as to oxidize 
some of the impurities j other impurities rise to the surface as a scum, and 
leave a layer of clear and colourless phosphorus at the bottom of the tanl^. 
The molten phosphorus is then allowed to flow into a tube of half-inch 
bore of such a length that the phosphorus has time to cool before it reaches 
the end of the tube. The phosphorus is drawn from the tube imder water, 
and cut into sticks about 7|- inches long. Nine sticks weigh about a 
pound. 

The occurrence of phosphorus. — ^Phosphorus, of course, does not 
occur free in nature, because it is so veiy readily oxidized in contact with 
air. It is, however, rather widely distributed in combination with oxygen 
—as earthy phosphates— in such minerals as sorabrerite, phosphorite, 
coproUtes, and phosphate rock ” (of South Carolina, Florida, and 
Tennessee), all of which are more or less impure calcium phosphates 
Ca3(P04)2. The oommerical value of these substances is determined by 
the amount of phosphorus they contain. It also occurs in chlor -apatite-— 
3 Ca3(P04)2.CaCl2 ; fiuor-apatite — 3Ca3(P04)2‘CaF2 ; vivianite — Fe3(P04)2. 
HoO; ?mre^/ffe'--4AlP04.2Al(0H)3.9H20. Some native phosphates are 
valued for the rare earths associated with the phosphoric acid — e.g. monazite^ 
and some phosphates are present in certain gems — turquoise, lazulite, etc. 

The phosphorus cycle in nature. — Small quantities of phosphates are 
found in granitic rocks. By the weathering and decay of these rocks, the 
combined phosphorus ultimately finds its way into the soil, spring water, 
and the sea. All fertile soils contain phosphorus. A ton of average fertile 
soil contains an average of about a pound of phosphorus — ^phosphorus is 
needed to build up certain essential parts of the tissue of growing vegeta- 
tion. Plants require phosphates from their earliest life, and seeds contain 
a plentiful supply for the germination of the embryo. The equivalent 
of one pound of phosphorus is said to be present in about 100 lbs. of corn, 
and in about 1200 lbs. of fodder. Animals feeding upon plants or upon 
herbivorous animals concentrate the phosphorus in their bones and 
tissue. The bones of an adult man furnish about 4|- lbs. of normal 
calcium phosphate. A normal adult excretes the equivalent of 3-4 grms. 
of phosphoric acid daily. This is derived from vegetable foods, and partly 
from the w^aste of muscular and nervous tissue which involves a decom- 
l)osition of the phosphorus compounds. The products of decomposition 
are carried by the blood to the kidneys, and there excreted wdth the urine 
— chiefly as sodium ammonium phosphate. Physiologists have claimed 
that there is a relation between the amount of phosphorus compounds 
discharged from the system and the activity of the brain. Hence, it is 
inferred that phosphorus is a metabolic product of the activity of the 
brain, and that phosphate foods are therefore needed for the nutrition of 
the brain. This idea has crystallized in the phrase Ohue phosphor, 
kein Gedunke (without phosphorus no thought). The phosphorus dis- 
charged by animals finds its way back to the soil, or rather into the sewage 
and finally into the sea. The amount returned from the sea as edible fish is 
insignificant in comparison with that which was formerly drained into the 
sea as sewage from large towns. The phosphorus which escapes into the 
sea accumulates at the bottom, and there it must lie unproductive for 
countless ages until it is again able tb take part in Nature’s great cycle of 
changes. Processes of arresting the phosphoratio sewage have attracted 
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miicli attention. The constant growth of crops by the farmer impoverishes 
the soil, and phosphatic manures are needed to make good the loss. The 
metabolic origin of the phosphorus in the large deposits of guano — ^the 
excrement of seabirds — on the islands off the Peruvian coast, and a number 
of islands in the South and the Caribbean Seas, will now be obvious. 

History. — It is generally supposed that phosphorus was accidentally 
discovered by Brand, an alchemist in Hamburg, between 1668 and 1669, 
while distilling a mixture of sand and concentrated urine, during his quest 
for a substance which would turn the base metals into gold. We are told 
that Brand’s secret was sold to U. Krafft for about £30. It is possible 
that the secret was communicated to, or else independently discovered by, 
J. Kunckel about 1678. A couple of years later, 1680, R. Boyle, stimu" 
iated by the rumours of the process of preparation by Brand, also found, 
by the aid of his assistant A. G. Hanckwitz, a method of preparing phos- 
phorus similar to that employed by Brand. In 1769, G. Gahn showed that 
calcium phosphate occurs in bones, and K. W. Sclieele, in 1771, obtained 
phosphorus from bone- ash. 

In the eighteenth century, the term phosphorus was applied to 
substances like commercial barium and calcium sulphides which, after 
exposure to a bright light, phosphoresce (appear luminous) in the dark. 
The word ‘‘ phosphorus ” is derived from the Greek — <l>^s (phos), light ; 
(j>€po) (phero), I carry. The term “ phosphorus ” was naturally applied to 
the substance discovered by Brand, because it, too, glowed in the dark. 
Terms like “ Brand’s phosphorus,” “ Kunckel’s phosphorus,” “ Boyle’s 
phosphorus,” “ English phosphorus,” “ phosphorus mirabilis,” and “ phos- 
phorus igneous,” were used by the early miters on chemistry. Later 
the term “ phosphorus ” was restricted to the element phosphorus now 
under discussion. A. L. Lavoisier proved that phosphorus is an element, 
and he investigated some of the products formed when phosphorus is 
burned in air. 

§ 2. The Allotropic Modifications of Phosphorus, 

It is generally stated that there are two well-defined allotropic modifi- 
cations of phosphorus-yellow and red. Many other so-called allotropic 
forms have been described, but there is some uncertainty whether the 
discoverers have not been deceived by the effect of impurities on the 
properties of phosphorus. Some consider the alleged “ black phosphorus ” 
to be a mixture of phosphorus with some metallic phosphide. The 
allotropy of phosphorus is more complex than is the case with sulphur, 
and it is not yet possible to give the conditions under which even the 
better known aUotropic forms are stable. 

The properties of yellow phosphorus. — ^This form of phosphorus has 
also been called “ octahedral,” “ common,” colourless,” white,” and 
‘‘ non-metallic ” phosphorus. It is a translucent, almost colourless solid 
which soon becomes coated with a white opaque crust. If exposed to. 
light, yellow phosphorus rapidly darkens in colour. At 0° it is hard and 
brittle with a crystalline fracture; at ordinary temperatures it is soft 
enough to be cut with a knife. It melts at 44^ under atmospheric pressure, 
and at 52*8° under a pressure of 300 atmospheres. When molten phos- 
phorus is cooled, the temperature can be reduced much below the melting 
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point without solidification, owing to the effects of undercooling. Phos- 
phorus boils at 278-3^ (762 mm.), and at 166° under a pressure of 120 mm., 
but it vaporizes at a much lower temperature. For instance, when 
phosphorus is heated to 40° in the lower part of a flask in an atmosphere 
of carbon dioxide, crystals of phosphorus sublime on to the upper part 
of the flask. Yellow "phosphorus also sublimes at ordinary temperatures 
in vacuo when exposed- to the light. Yellow phosphorus ignites at 
about 30° in air, saturated with moisture ; the inflammation tempera- 
ture is higher the dryer the air. When phosphorus burns in air, dense 
white clouds of phosphorus pentoxide, P 2 O 5 , are formed. If, ho-wever, 
the phosphorus and oxygen be perfectly dried by exx30sure to the desic- 
cating action of phosphorus pentoxide, phosphorus may be melted and 
even distilled in oxygen with very little oxidation. 

The inflammation temperature is so low that the heat of the body 
suffices to raise the temperature of the phosphorus above its kindling 
temperature, and hence phosphorus should always be “ handled ” with 
the forceps, never with the bare fingers unless under water. Burns pro- 
duced by phosphorus are very painful, and heal very slowly. The fumes 
of phosphorus are poisonous. Persons constantly exposed to their action 
are liable to suffer from caries (rotting) of the bones of the jaw and nose — 
fossy jaw.” Phosphorus itself is xaoisonous ; it is stated that a OT 
gram dose is fatal to man. 

On account of its inflammability, phosphorus is usually preserved 
under water in which it is almost insoluble — one part of phosphorus dis- 
solves in 300,000 parts of water, hut it readily dissolves in carbon disulphide, 
sulphur chloride, phosphorus trichloride, etc . ; and it is also soluble in 
chloroform, benzene (P513 per cent, at 0°, and 10'03 percent, at 81°), tur- 
pentine, alcohol, ether (0*43 per cent, at 0°, 2‘'00 per cent, at 35°) almond oil, 
(1*26 per cent.) etc. Octahedral crystals of yellow phosphorus are obtained 
when the solution in carbon disulphide is allowed to evaj^orate. If a piece 
of blotting paper be soaked w'ith a solution of phosphorus in carbon di- 
sulpiiide, and the solvent be allowed to evaporate, the finely divided 
phosphorus wliich remains behind ignites spontaneously in air owing to 
its rapid oxidation. If a little phosphorus be x)laced in water, and the 
water is boiled, phosphorus volatilizes with the steam ; if the vapour be 
passed through a condenser with the apparatus in the dark, a luminous 
ring appears where the steam condenses. If much x>hosphorus be present, 
globules of phosphorus will collect in the receiver. This is the principle 
of E. Mitscherlich’s process for the detection of phosphorus. 

The oxidization of phosphorus. — ^When phosphorus is exposed to 
ordinary air in the dark, it emits a pale greenish light, and gives off white 
fumes with an unpleasant garlic-like smell. The fumes of phosphorus in 
moist air are mainly P^Og, and the glowing or phosphorescence of phos- 
phorus appeto to be an effect of oxidation — ^no oxidation, no glow. In 
oxygen at atmospheric pressure, phosphorus pentoxide, PgOg, is the sole 
soHd end-product of the reaction but under reduced pressure (18--20 mm.) 
phosphorus trioxide, PgOg, and . a yellow-product {vide infra) are formed. 
When phosphorus vapour is oxidized at ordinary temperatures by the 
gi^adual admission of oxygen, , a dark red-product is formed in which the 
ratin of oxygen to phosphorus increase as the rate of addition of oxygen 
V. Kohlsohiitter and ;A. Frumkin consider the red product 
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to be a kind of intermediate “componnd” of red phosphorus with a 
phosphorus oxide. Phosphorus does not glow at temperatures much 
below ()°j and not in inert gases — carbon dioxide, nitrogen, etc. Phos- 
phorus does not glow in pure oxygen below 15°, but it does phosphoresce 
if the oxygen be slightly rarefied, or diluted with an inert gas ; and the giow' 
in air is stopped if the air be compressed. Thus a certain critical pressure 
of the oxygen is needed to start the phosphorescence. The glow in air is 
stopped if traces of gases which destroy ozone be present—e..^. hydrogen 
sulphide, ethylene, turpentine, etc. Hence ozone appears somehow to be 
connected with the phosphorescence. Ozone is one product of the oxida- 
tion of phosphorus in moist air. 

h^The forma-tion of ozone during the oxidation of phosphoi’us takes place in 
such a way that the amount of ozone formed is proportional to the amount of 
phosphorus oxidized, such that the atomic ratio ; Phosphorus oxidized : Ozone 
formed =; 1 : O'o, . It is not clear what actually takes place. A great number of 
more or less plausible hypotheses have been suggested, but a crucial experiment 
has not been yet devised. One hypothesis assumes that atoms of oxygen alone 
take part in the oxidation, and that some of the molecules of oxygen are dis- 
sociated into two atoms, each atom acquires at the same time an electric charge of 
opposite sign : 0^ ~ 0+ x O"*. The phosphoms combines with the atoms with 
one kind of electoc charge ; and the atoms of oxygen with a charge of opposite 
sign form ozone. The dissociation of the oxygen molecule is not a consequence of 
the oxidation, but antecedent to it. Another hypothesis assumes that each atom 
of phosphorus is first oxidized by direct union with a whole molecule of oxygen 
forming, say, p 2 ^ 2 * This then decomposes, giving atomic oxygen : P 2 O 2 “ 
PgO -f 0. The atomic oxygen then imites with ordinary oxygen to form ozone. 
Accordingto this view of the reaction, the oxygen molecule is dissociated during the 
oxidation of phosphorus. 

The formation of red phosphorus. — ^When yellow phosphorus is 
exposed to air and light ; or when phosphorus is 
heated to about 250° in an inert gas or in vacuo; 
or when phosphorus is exposed to an electric dis- 
charge — silent or spark — it soon passes into a 
chocolate-red coloured allotropic modification which 
sometimes has an iron-grey metallic lustre. This 
variety is called red phosphorus. The conversion 
of yellow into red phosphorus is conveniently illus- 
trated by sealing up a small piece of yellow phos- 
phorus in a glass tube, Fig. 235, and hanging 
the tube in the vapour of boiling diphenylamine 
(boiling point 310°). The vapour of the diphenyl- 
amine condenses in the long neck, and runs back 
into the flask. The yellow phosphorus will soon 
be converted into the red variety. The change pro- 
ceeds with almost explosive violence when the phos- 
phorus is heated under pressure to about 350°, that 

is about 60° above the boiling point of phosphoi'us ; 

at 300° the change is moderately fast. The speed 236 .— The Prepa- 

of the transformation can be accelerated by the * * - “ - — 

addition of a trace of iodine. In the presence of 
this catalytic agent, the change is fairly fast at 200°* 

The manufacture of red phosphorus.— -Bed phosphoric is made com- 
merically by heating yellow phosphorm ih a, glass or porcelain vessel 
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embedded in sand placed in a large iron pan. Tlie vessel containing the 
phosphorus is covered with an air-tight lid, and provided with a safety 
tube dipping in water in case the pressure inside the closed vessel becomes 
too great. When most of the air has been expelled, the safety tube 
is closed, and the phosphorus is heated until it is converted into the red 
variety. The product of the action is ground with water, and boiled 
with sodium hydroxide solution so as to remove the unaltered yellow 
phosphorus. The residual red phosphorus is then washed with water, 
and dried, or preserved wet with water. 

The transition point : red to yellow phosphorus. — Red phosphorus 
is the stable form at ordinary temperatures, and yellow phosphorus the 
unstable modification. The reason the yellow phosphorus does not pass 
into the red form at ordinary temperatures is due to the extremely slow 
velocity of the change. By the distillation of red phosphorus at 290°, 
yellow phosphorus is obtained, and at ordinary pressures the transition 
point of the stable red into the unstable yellow^ is masked by the vapori- 
zation of the phosphorus. However, when red phosphorus is heated 


under pressure in capillary tubes so as to pre- 
4j vent distillation, it forms a yellow fluid at 610°, 

and red particles begin to separate from the 
cooling solution at 680 °. At 570 ° the mass turns 
red. Red phosphorus melts at 589*5°, under 43 
zzzj^'h::: atm. pressure. The vapour pressure of yellow 

Sir Xt phosphorus is greater than the red ; the curves 

’ o'* cannot be carried above 400° because the yeUow 

Tempemture phosphorus passes into the red variety so quickly 

•r. at about 400°. The two vapour pressure curves 

^Gurves'of Phosphoru?.^^^ illustrated in Fig. 236. Both curves con- 
verge towards the melting point as is the case 
with aliotropic modifications of other elements. It is inferred that both 
varieties would be in equilibrium with the vapour phase at the melting 
point — near 600° — ^were it not for the disturbing phenomenon just 
indicated. 

Solubility of red phosphorus.— 'Red phosphorus is practically insoluble 
in the ordinary solvents — e,g, turpentine— which dissolve yellow phos- 
phorus. Red phosphorus is soluble in phosphorus tribromide, and in 
alcoholic potash. If the solution in phosphorus tribromide be exposed to 
light, or boiled for some time, what is supposed to be a mixture of red 
phosphorus and phosphorus tribromide separates as a scarlet red powder — 
Schenk’s scarlet phosphorus. This resembles red phosphorus in many 
of its properties, but is rather more chemically active, as might be expected 
from its extremely fine state of subdivision. This variety of red phosphorus 
has not been prepared free from the solvent in which it is formed ; con- 
sequently, the so-oalled scarlet phosphorus appears to be a mixture of red 
phosphorus with phosphorus tribromide ; that deposited at 30° by 
exposure to light retains about 47 per cent, of the solvent ; at 140°, about 
36 per cent. ; at 185°, about 27 per cent. ; and at 218°, about 24 per cent. 
When the red-coloured solution of red phosphorus in alcoholic potash is 
acidified, a red powder is precipitated. Some believe that this is nothing 
but impure red phosphorus ; others believe that it is an impure phos- 
phorus suboxide — ^P^O. ,E* Jungfieisoh (1907) said that if the yellow 
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substance formed when phosphorus is oxidized in oxygen under reduced 
pressure is dissolved in alcoholic potash, and precipitated by hydro- 
chloric acid, the same siifcoxide is formed. The analysis of the alleged 
suboxide is difficult because of the impurities associated with the precipi- 
tate, and hence the question has not been definitely answered. 

The crystallization of red and yellow phosphorus. — Ciystals of 
yellow phosphorus are obtained by the slow evaporation of a solution of 
phosphorus in carbon disulphide ; or by sublimation in vacuo or in an 
atmosphere of an inert gas; they belong to the cubic system. Small 
rhombohedi-al crystals of red phosphorus are formed by heating ordinary 
red phosphorus under pressure at 580°, or in a sealed tube with metallic 
lead at about 500° for about eighteen hours. The lead dissolves the phos- 
phorus at the high tem]3erature, and rejects the dissolved phosphorus on 
cooling in the form of rhombohedral crystals. The lead can be dissolved 
away by moans of dilute nitric acid followed by boiling with concentrated 
hydrochloric acid ; the residue has a specific gravity varying from 2*34 
to 2*39. Tliis dense form of red phosphorus is sometimes called Hittorf s 
phosphorus, or metallic phosphorus, or “ rhombohedral ” phosphorus. 
The term “ metallic ” appears to be a misnomer, for it does not conduct 
electricity. The specific gravity of red phosphorus varies with its method 
of preparation from 2*05 to the maxinum 2*34 for Hittorf ’s j)hosphorus. 

Since the amount of heat developed by the combustion of red phosphorus 
is not constant, it is possible that ordinary red phosphorus is a solution 
of colourless phosphorus in the rhombohedral variety ; or else a mixture of 
calloidal and metallic ” phosphorus. E. Cohen and J. Olie (1909) con- 
sider red phosphorus to be an isomorphous mixture or a solid solution of 
yellow and metallic phosphorus in dynamic equilibrium : Pred ^ Eyellow- 
A. Smits and H. L. de Leeuw (1911) consider yeflow, red, and metallic phos- 
phorus to be three solids which can form solid solutions with one another. 

Properties of red and yellow phosphorus. — The following table gives 
a summary of the leading differences in the two varieties of phosphorus : 


Table XLIII. — Compabison of the Pbopeeties of Red and Yellow 
Phosphorus. 


Property, 

Red phosphorus. 

Yellow phosphorus. 

Colour ..... 

' ■■■ : 

Reddish -violet 

Almost colourless 

Crystalline form . 

Rhombohedral system 

Cubic system 

Smell, etc 

Tasteless, odourless 

Garlic-like smell ^ 

Exposed to air ... 

No phosphorescence 

Phosphorescence and 


no oxidation 

oxidation 

Melting point .... 

500® to 600® 

■.-:;44®V:' 

Physiological action . 

Non-poisonoris 

Poisonous 

Specific gravity . 

2*05 to 2*39 

1*83 to 1*85 

Specific heat .... 


0*189 

Action carbon disulphide 

Insoluble 

Soluble 

Ignition temperature 


30® 

Electric current . 

Feeble conductor 

Very feeble conductor 

Hot sodium hydroxide . 


Action 

Chlorine gas ..... 

Fires if heated 

Fires spontaneously 

Heat of combustion (Ca,ls.) " 


370*8 
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P. W. B3‘iclgman’s study of the effect of high pressures on phosphorus 
furnished him with an hexagonal variety of yellow phosphorus which 
passes into the ordinary cubic form at the transition point — 76*9° ; and 
a variety of black phosphorus formed at 200° under pressures from 12^000 
to 13,000 kilograms per sq. cm. 

Chemical properties. — Red phosphorus is less chemically active tlian 
ordinary yellow phosphorus. This agrees with the fact that the passage 
of the yellow to the red variety is attended by an evolution of heat : 
Pyellow Ered “r 4 Cals. ; and hence it is generally stated that red 
phosphorus contains less available energy than 3mllow phosphorus. Red 
phosphorus does not appear to volatilize appreciably below 200°, and onty 
veiy slightly at 280°, whereas Hittorf’s phosphorus volatilizes at that 
ternperatiu’e. Red phosphorus takes fire when heated in air to about 260° ; 
and like 3^elIow phosphorus, previously discussed, it burns, forming 
phosphorus pentoxide. Red phosphorus burns if heated in an atmosphere 
of chlorine, whereas ordinar3^ phosi^horus fires spontaneous^ in the gas. 
At ordinary temperatures, phosphorus reacts with sulphur, forming 
phosphorus sulphides ; with the halogens, foming tri- or penta- halides ; 
with hot potassium or sodium hy'droxide, forming gaseous phosphorus 
hydrides. Concentrated nitric acid is reduced with almost explosive 
violence, ’while dilute nitric acid evolves nitrous fumes ; boiling sulplrurio 
. acid is reduced to sulphur dioxide, etc. 

The difierenee in the molecules of red and yellow phosphorus is not 
known. As is probably the case with monoclinic and rhombic sulphur, 
it may be due to a difference in the arrangement of identical molecules, or 
to a <hfierence in the molecular weight, that is, to the number of atoms per 
molecule. Equal weights of red and yellow phosphorus when burnt 
separately in an excess of oxygen, give equal weights of phosphorus pent- 
oxide, P2O5, 

Phosphides. — Phosphorus unites directly with many metals, forming 
phosphides. Many phosphides can be made by heating the finely powdered 
lUetal with phosphorus in a sealed tube. Metallic phosphides are precipi- 
tated by the action of phosphorus on solutions of some metallic salts. 
Thus silver phosphide, AggP, is precipitated from solutions of silver nitrate ; 
and copper phosphide, CugPg, from solutions of copper sulphate. Coprjer 
phosphide is also formed in hexagonal steel-grey prisms by the action of phos- 
phorus vapour carried in a stream of an indifferent gas, over hot metallic 
copper. Mercury phosphide, p4Hg3, is formed in glistening rhombohedral 
prisms by heating phosphorus with mercury iodide in a sealed tube. 
Manganese phosphide, MnPg has been made by heating mixtures of the 
tv'O elements in a sealed tube ; when heated to 400° in a stream of hydi’o- 
gen it passes into MnP. Tin forms several phosphides when heated with, 
phosphorus. For instance, tin phosphide, SusP, is a coarsely crystalline 
mass melting at about 170°. Tin phosphide is also called “ phosphoi’-tin,” 
audit is used in the preparation of manganese bronzes — “phosphor-bronze,’’ 
for example, is made b3’' fusing together copper and phosphor «tin. The 
resulting alloy contains from fi fe 15 per cent, of tin, and 0‘25 to 1*5 per 
cent, of phosphorus. This alloy , is hard and firm. It is remarkably 
homogeneous, and is speciaHy y^uable for the manufacture of axle 
bearings, etc. Lead phosphide, PbPg, is formed as a black unstable solid 
which spontaneous^ infiames iii airi It decomposes into its elements when 
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Heated in vacuo at 400 ® ; it is slowly attacked by water ; and is decom* 
posed by dilute acids. Tlie phospbides of tb.e bivalent metals are formed 
wben a solution of an alkali phosphide in liquid ammonia is treated with 
a salt of the metal. Calcium phosphide is formed 'when metallic calcium 
is heated under naphtha with phosphorus ; or by passing the vapours of 
phosphorus over red hot lime heated in an iron tube. The red, brown, or 
black mass obtained in the last-named reaction is mixed with some calciumi 
pyrophosphate, GaaPsO^. A series of alkali phosphides have been made 
by fractionally distilling the alkali metal with an excess of phosphorus 
in vacuo. These phosphides have the general formula MaPg, and they react 
%vith water giving a solid hydride, and a little phosphine. 

Atomic and molecular weight.— -The atomic weight of phosphorus 
with reference to oxygen 16, lies somewhere between 30*91 and 31 ’05 ; 
the best representative value is taken to be 31. This has been determined 
by the analysis of silver phosphate ; by the action of phosphoms on silver 
nitrate ; and by the titration of phosphorus trichloride on silver nitrate. 
Vapour density determinations of volatile phosphorus compounds— -PH 3, 
PCig, PFg, etc.— -show that thirty-one is the smallest amount of phos- 
phorus wMch enters into the composition of any one of these molecules, 
and hence the atomic weight is 31, 

The vapour of phosphorus, according to E. Mitscherlich^ has a specific 
gravity of 4*58 at 515°, and 4*5 at 1040°. Hence the molecular weight 
of phosphorus is 4*5 X 28*75 — 129*4. This corresponds with a mole- 
cule P4 — graphically : — 

P = P 
P“P 

Above 700°, the vapour density falls to a number corresponding with a 
dissociation of the complex molecule P4 ^ 2P2 ; at about 800°, one- 
hundredth of the phosphorus vapour exists as Pg molecules ; at 1000°, 
one-tenth ; and at 1200°, one- third — all at atmospheric pressure. The 
depression of the freezing point of solutions of phosphorus in carbon 
disulphide also corresponds with the four-atom molecule. In some other 
solvents numbers corresponding with P2, P4, or with mixtures of P4 and P2 
are obtained. 

§ 3. Phosphorus Trihalides. 

Phosphorus trichloride, PCI3. — ^Tliis comiDound is made by passing 
chioi'ine, dried by sulpiiurio acid, over molten wdiite phosphorus in the 
following manner : 

A layer of sand is placed at the bottom of a retort, fitted up as illustrated in 
Fig. 171, without the Bunsen’s burner, and a current of dry carbon dioxide, or 
another inert gas, is mtrod need. Add, say, 1 00 grams of yellow phosphorus — dried 
between filter paper, and dipped successively in alcohol and in ether — then pass a 
current of chlorine through the apparatus while the retort is heated with warm 
water. The tube delivering the chlorine should be movable, for if it be too near the 
phosphorus the latter gets hot and distils, forming a red crust in the upper part 
of the retort ; while if it be too far away, the action is slow, and the excess of 
phosphorus forms phosphorus pentachloride by a side reaction. When the 
action has begun, a tongue of flame projects from the tube delivering the chlorine. 
The retort does not then need heating. Towards the end, when the phosphorus 
has all disappeared, heat the retort very gently sp ais to drive the trichloride into 
the receiver. The fumes from the exit tube must bo led into a stink closet 


or into a vessel containing sodium hydroxide. The product can. be purified by 
adding, say, 2 grams of yellow phosphorus and redistilling. The object of the 
X-)Iiosphorii 3 is to convert any pentaehloride into the trichloride. Moisture must 
be earemlly excluded. 

Phosphorus trichloride is a mobile liquid with an unpleasant smell. 
It boils at 74° t fumes in air, and is hydrolyzed by water forming phos- 
phoms and hj^-drochloric acids : PCI 3 -P SHgO = 3HG1 + P(GH) 3 . It can be 
frozen to a solid, melting at about —115°. The composition of phosphorus 
trichloride, and also of the other halides of phosphorus, can be determined 
by treating the compound with water, and determining the amounts of 
the different acids formed by the regular methods of analysis. The 
lowering of the freezing point of solution of phosphorus trichloride in 
phosp>horus ox^/chioride, or in benzene, corresponds with the molecular 
weight POL. Its vapour density, according to J. B. Dumas, is 140 (Og =32), 
thus corresponding with the molecule PCI 3 (theoretical vapour density 
137*5). Phosphorus trichloride vapour mixed with hydrogen is converted 
into phosphorus di chloride, PCl^ or P 2 CI 4 , by the electric discharge. The 
dischloride is a fuming colourless oily liquid which freezes to a white solid 
at —28°. It is unstable and decomposes slowly (sometimes explosively) 
at ordinary temperatures, furnishing a yellow solid with an analysis 
approximating P.Ch* An analogous solid was obtained in the unsuccess- 
ful attempt to make 

Phosphorus tribromide, PBrg. — Phosphorus tribromide is made by 
gradually adding a solution of bromine in carbon disulphide to dry red 
phosphorus, or to a solution of phosphorus in carbon disulphide. The 
object of the carbon disulphide is to moderate the violence of the reaction. 
The solvent is afterwards distilled off, at about 46° ; and the tribromide 
is distilled, at about 174° — the boiling point of the tribromide. The 
general properties of phosphorus tribromide resemble those of the 
trichloride. 

Phosphorus triodide, PI3. — This compound is made by dissolving, 
say, 10 grams of phosphorus in carbon disulphide, and gradually adding 
the solution to a solution of 123 grams of iodine in carbon disulphide. 
The solvent is then distilled off. The triodide remains behind as a 
reddish cr^^stalline solid which melts at 41°, and dissociates when heated. 
A compound with the empirical formula: — called phosphorus 

di-iodide — remains in the form of orange-red crystals, which melt at 110 °, 
when a mixture of 50 grains of iodine and 4 grams of phosphorus, is melted. 

Phosphorus tnffuoride, PFg. — ^Phosphoius trifluoride is made by the 
action of copper phosphide on lead fluoride ; ' or by aliowing arsenic 
fluoride, AsPg, to drop slowly into PCig with the exclusion of moisture. It 
is a colourless gas which can be condensed to a liquid, boiling at —95°, and 
frozen to a solid, melting at —160°. If a stream of electric sparks be 
passed through the gas, phosphorus and phosphorus pentafluoride are 
formed : SPEg = SPPg + 2 P ; and the pentafluoride, in turn, is said to 
suffer slight decomposition : PFg = PF 3 + Eg* 

§ 4. Phosphorus Peixtahaiides, 

Phosphorus pentaehloride, PCl^.r-^Phosiihorus pentaehloride is made 
by the action of an excess of chlorine upon phosphorus, or by the action 
of dry cHorine upon the trichldrid.e ;; or by the action of sulphur chloride 
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■,6n phospJioms tricMoride with, a trace .of iodine as stimulant : SPCI^ + 
S2CI2 = PGI5 “h 2PSCis— a yield of 88 ■ per . cent, of the theoretical is 
obtained. Since phosphorus pentachloride is a very unpleasant substance 
to manipulate in air, owing to the fact that it rapidly absorbs moisture, 

. .forming , hydrochloric and ■ phosphoric ■■ acids PCls-h. =.5HC1 -f- 

HgP04, it is best to make the compound in the bottle in which it is to be 
preserved. Fit the bottle with a three-hole stopper, Fig. 237~-one hole is 
for the tube bringing in dry chlorine, one for the exit of the chlorine, and 
the third for a tap funnel by means of which phos- 
phorus trichloride can be run into the chlorine droj) 
by, drop., ' 

The vapour pressure of solid phosphorus penta- 
chloride at 140° is 760 inin., and it therefore vaporizes 
without fusion. Phosphorus pentachloride also sub- 
limes below 100° without fusion, but when heated 
under pressure it melts at about 148° Both phos- 
phorus trichloride and phosphorus pentachloride are 
valuable reagents for transforming hydroxyl com- 
pounds into the corresponding chlorides. Each OH 
group is displaced by an atom of the halogen. For Fig. 237, 
example, water, H-— OH, gives hydrogen chloride, 

H — Ci ; nitric acid, NOg—OH, gives nitroxyl chloride, tacWorid3^^ 

NO2 — Cl ; sulphuric acid, S02(0H)2, gives sulphury! 

chloride, SOgClg ; alcohol, C2H5OH, gives ethyl chloride, CgHgCl, etc. 

Phosphorus pentabromide, PBrg. — ^This compound is prepared by a 
similar process to that used for the pentachloride — the addition of bromine 
to phosphorus tribromide — and its properties are similar. Phosphorus 
pentiodide — has been reported, but there is some doubt as to its 
real existence. 

The vapour density of phosphorus pentachloride and pentabromide. 
— The vapour densities of these two compounds diminish with rise of tem- 
perature. Thus J. B. Dumas found for the pentachloride : 

Temperatnro . . . 182® 200® 260® 300® 

Vapour density . . . 146*6 140*0 116*2 104*8 

Amount dissociated . , 42*2 48*9 83*6 98*9 per cent. 

Theory for PCI 5 = 208*5 

The vapour density remains practically constant at temperatures 
exceeding 300°. The colour of the vapour becomes yellowish-green at 
the higher temperatures, showing that free chlorine is probably present ; 
and in the case of the pentabromide, the characteristic colour of free 
bromine appears. There is little room for doubt that x^hosphorus penta- 
chloride dissociates into free chlorine (CI2, vapour density 71) and phos- 
phorus trichloride (PCig, vapour density 137*5). Paper moistened with 
potassium iodide and starch shows the blue coloration characteristic of 
free chlorine when the pentachloride is heated to 157° or 158°. Assuming 
that dissociation is comx^lete at 300°, the vapour density should be 
1(137*5 "j” 71) = 104*3 (Ho — 2), a number very close to the observed 
value. The discussion in connection with the dissociation of nitrogen 
X>eroxide shows how the amount of dissociation can be determined from 
the vapour density at the different temperatures. , 

According to the principles developed in cbrmection with the dissocia* 
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tion of iodine, the dissociation of the pentaohloride will be represented 
by the equation: PCI 5 ^ PCig -f CIg. If Cpcls? 
respectively denote the concentrations of phosphorus pentacliloride, 
phosphorus trichloride, and of chlorine, we have, for equilibrium : 1 C pels 
— ^'OpcisC'cia. vSixppose that one gram of phosphorus pentacliloride 
he heated in a closed vessel of volume 'v. ' Let' a*' represent the fraction 
dissociated at any given temperature, there will obviously be iCpcisj 
{l’—x)iv granimioiecules of the pentacliloride per unit volume ; Opcigs or 
x[i' gram-molecules of the trichloride ; and Cci^, or x/v gram-moleciiles 
of chlorine* Hence for equilibrium, the preceding equation becomes 



or, K : 


h , 




Suppose that at 250^^ 0*80 gram«molecules of the substance are dis- 
sociated, then X “ 0*8 ; and 1 — a: = 0*2. Hence K — 0*64 -r 0*2 
.= 3*2 -r One gram-molecule of a gas at 760 mm. and O'^ occupies 22*3 
litres, and at 250° it will occupy 42*7 litres. But on dissociation, one gram- 
moiecule of phosiiliorus pentaohloride becomes two gram-molecules of 
mixed chlorine and phosphorus trichloride. Hence if 0*8 gram-molecuie 
of the pentaohloride is dissociated, the mixed gas contains 1 -f 0*8 
5 = 1*8 gram-molecules, so that if one gram-molecule occupies 42*7 litres, 
1*8 gram-molecules will occupy 42*7 X I'S == 76*9 litres. Hence X = 3*2 

76*9 = -^4 ; or k : k' 1 : 24. Tiiis means that the phosphorus 
trichloride *and chlorine will unite twenty-four times as fast as the penta- 
cldoiide will dissociate, supposing that each substance has unit concen- 
tration, and each action proceeds without reversion, p. 315. 

If the concentration of the phosphorus trichloride or of chlorine be 
augmented, it is obvious that in order to restore equilibrium, the speed 
of combination of the chlorine and tricliioride must be augmented. This 
is easy to demonstrate: ( 1 ) from the theory of opposing reactions; 
(2) from the kinetic theory of dissociation ; and (3) experimentally by 
sealing equal amounts of phosphorus pentabromide in two stout test- 
tubes, but in one of the tubes also place some phosphorus tribromide. 
TOien the two tubes are heated under the same conditions, the contents 
of the tube without the tribromide will have a deeper tint than the tube 
with the tribromide* H. Wurtz, indeed, in 1873, found that if the penta- 
eliloride be volatilized in an atmosphere of the trichloride, the vapour 
density is nearly normal, 206*6, between 160° and 175°. The raising of the 
boiling points of solutions of phosphorus pentaohloride in carbon tetra- 
chloride eoiTespond with the formula, PCi^. The lowering of the freezing 
points of solutions of the pentaohloride in benzene correspond with the 
molecular weight PCI 5 . 

It has been argued that because phosphorus pentachloride splits up so 
readily into the trichloride and chlorine, two of the chlorine atoms in the 
pentachloride must be held less firmly by the phosphorus than are the 
remaining three. The inferenee is not valid if it be taken to mean that 
three of the five valences of quinqueyalent phosphorus are stronger than 
the other two-— it may simply mean that a four-atom molecule is more 
stable than a six-atom molecule. / 

Phosphorus pentafiuoride, This compound is made by the action 
of arsenic trifiuoride on phosphorus" pentachloride : SAsEg + SPCig 
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'= SAsClg +■ 3 PF 5 , ' It is a coioixrless gas which is, hyckolyzed by water, 
forming phosphoric and hydrofluoric acids. It can be condensed to a 
liquid, ^'boiling:, at —75,*^,: and frozen to a solid, melting at — 83°. . Its yapour 
density, is 126 '(H 2 =' 2 ), and its, formula is therefore PEg (vapour density, 
126), -where phosphorus is undoubtedly quinquevalent. 

To, ' summarize, the following' weH-defined halides of phosphorus have 
been prepared : 

PPg Cgas) P &3 (Hqmd) PBi’s (liquid) P 3 I 4 (solid) 

PI3 (solid) 

PFg(gas) PClg (solid) PBrglsoHd) ••• 

Some mixed halide salts-— PPgClg ; PFgBra ; PCIgBra ; etc. — have also 
,' been, isolated., , , 

Phosphoryi chloride, phosphorus oxychloride, POCI 3 . — ^This com- 
pound can be made by very carefully adding water to phosphorus penta- 
cMoride until the solid disappears ; PCI5 + H^O = POCI 3 -f 2 HCL It is 
also made by gradually adding, say, 32 grams of powdered potassium 
chlorate to 100 grams of phosphorus trichloride at ordinary temperatures, 
and then distilling the mixture. The oxycliloride boils at 107*2°. It 
can be sohdified to a colourless crystalline mass melting at —1*25°. It 
fumes in air, smells like the trichloride, and its aqueous solution is slowly 
hydrolyzed by -water, forming phosphoric and hydrochloric acids. A. 
Besson claimed to have isolated p 3 /TpphosphoryI chloride, PoOgCl^ and 
phosphorus dioxymonochlonde, POgCl, from the products of the action of 
-water on phosphoryi chloride. Pyrophosphoryl chloride has also been 
made by the action of water on the pentachidride, and by the action of the 
pentoxide on the pentachloride. The corresponding phosphoryi bromide, 
POBrg, is made in a similar manner, and boils at 190°. Phosphoryi 
fluoride, POFg, as well as the other phosphoryi compounds can be made by 
the action of phosphorus pentoxide, P 2 O 5 , on the halogen acid : 4 P 2 O 5 
-\~ 6 HF = 2 POF 3 + 6 HPO 3 . Phosphorus trichloride reacts with sulphur 
chloride, SgC^, particularly if a trace of iodine be used as stimulant forming 
thiophosphoryl chloride, PSCig, in accord with the equation SPClg + SgCL 
=== PCig + 2PSCi3. 

If phosphorus trichloride, PCI3, be oxidized at a low temperature by 
treatment with nitrogen peroxide, N 2 O 4 , among other products, pyro- 
phosphoryi chloride, p 2 ^ 3 Cll 4 , is obtained as a colourless fuming liquid 
which boils at 210°“215° with partial decomposition into P^Og and POGl 3 ^ 
This mode of preparation is interesting because it shoves that two of the 
oxygen atoms in phosphorus pentoxide probably behave differently from 
the other three. Some take this to mean that of the two formulae for 
phosphorus pentoxide : 

0 =P^ 0 ^P= 0 ; Q>P— 0 — P<^ 

the former is to be preferred, and that the graplucse formuise for phos- 
phorus oxychloride, and pyrophosphoryl chloride are respectively 

iiilSiiiiiiiiiiiffiiiii® 
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Two isomeric oxychlorides of phosphorus can he x>rodicted ; ii^one, 
Ci^—R—OCl, the } 3 hos|)horus is tervaient, and in the other, 0 ~P E GI 3 , 
quinquevaient ; but only one is known. On the other hand, two different 
substances, PO(C<jH 5 ) 3 , are known. One {phenoxy-dipheiiyi X)hosphine) is 
a thick oily liquid, boiling at 265° (62 mm.) ; in this the phosphorus is 
tervaient and the compound reacts with oxygen, bromine, selenium, and 
siiipliiir, and forms additive compounds with alkyl halides. The other 
(triphenyl x>hosx}hine oxide) is solid, melting at 153*5° ; in this the phos- 
l^horus is quinquevaieiit, and it does not react with the substances just 
named. In both the vapour density corresponds wdth the empirical 
formula PO(CqH 5 ) 3 . 


§ 5. Phosphorus Hydrides, or Hydrogen Phosphides. 

Phospnine, PHg. — When phosphorus is heated with caustic alkaline 
solutions — for instance, mdk of lime or a solution of potassium hydroxide 

— a gas or mixture of gases 
called is 

evolved which ignites spon- 
taneously in air. This pro- 
perty appears to be duo to the 
presence of a little of the so- 
called liquid hydrogen phos- 
phide, P 2 H 4 , as an impurity ; 
when this impurity is removed 
by condensa-tion in the cold 
tube, the gas does not ignite 
when brought in contact with 
air. The experiment is made 
by means of the apparatus 

Fig. 23 S. — The Preparation of Phosphine, illustrated in Eig. ^ 238. A 

mixture of pota/ssium hy- 
droxide solution and yellov^ phosphorus is placed in the flask fitted with 
delivery tube, etc., as illustrated in the diagram. A current of an inert 
gas— coal gas,hydi*ogen or carbon dioxide — ^is first led through the apparatus 
to drive out the air. The mixture in the flask is then heated. The xihos- 
pliorus reacts with the alkali, forming potassium hypophosphite, and 
gaseous phosphine, PHg, associated with some impurities. The mixture 
of gases so prepared is sometimes called “ phosphuretted hydrogen.” 
The main reaction is represented : 3KOH -f 4P -j- SH^O = BKHgPOg -f 
PH 3 . Each bubble of gas rises to the surface of the w^ater, and, when 
it comes in contact with the air, ignites with a slight explosion and burns 
with a brilliant flash of lights forming a vortex ring of phosiihorus 
pentoxide, P 2 O 5 . If the gas be passed through a tube immersed in a freez- 
ing mixture, it no longer inflames on contact with the air. Indeed, pure 
phosphine does not inflame spontaneously in air — the freezing mixture 
presiimablj^ removes the. spontaneously inflammable liquid by'dride. 

The properties of phosphine. ^Phosphine is a colourless gas, smells like 
decaying fish, liquefies about — -^5°, solidifies about —133°, and ignites 
when heated to about 100°. It burns in air, forming phosphorus pent- 
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oxide: ' 2PH3',4-,402 ~ P 2 O 5 + SHgO + 311*2 Cals, at constant ■pressure. 
If a mixture of oxygen and phosphine be suddenly rarefied, an explosion 
occurs. The phenomenon recalls the effect of rarefaction on the luiniiiosity 
of phosphorus in oxygen gas. Nitric acid or chlorine when brought in 
contact with the gas cause inflammation. A jet of phosphine inflames and 
burns, forming phosphorus pentachloride when placed in chlorine gas : 
PHg H- 4 CI 2 = 3HC1 + PCig. Phosphine is slightly soluble in water : 
100 Yoliimes of water dissolve about 11 volumes of the gas. The aqueous 
solution is not alkaline like aqueous ammonia, it decomposes on exposure 
to light and deposits red phosphorus. The gas possesses reducing pro- 
perties. When passed into solutions of copper sulphate, CUSO 4 , mercuric 
chloride, HgCl 2 , phosphine precipitates phosphides of the metals. It 
oombines with ammonia, and some of the cMorides, for instance, aluminium 
chloride, stannic chloride, etc. 

The composition of phosphinc.—J. B. Dumas determined the com- 
position of phosphine by passing a known volume of the gas over heated 
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copper turnings — zinc, antimony, iron, and potassium have been used in 
place of copper. The copper forms copper phosphide. The increase in 
weight of the copper shows the amount of phosphorus in a given volume 
of the gas. The escaping hydrogen is collected and measured. Experi- 
ment shows that 34 parts of phosphine by weight give 81 parts of phos- 
phorus and 3 parts of hydrogen. The empirical formula is therefore PHg. 
Similarly, when phosphine is decomposed by the passage of electric sparks 
through the gas (Fig, 185), one volume of phosphine gives IJ volumes of 
hydrogen, and red phosphorus, of negligibly small volume in comparison 
with the volume of the gas, is deposited on the walls of the tube. Hence 
two volumes of phosphine furnish three volumes of hydrogen ; otherwise 
expressed, by Avogadro’s hypothesis, two molecules of jflxosphine give 

three molecules of hydrogen : 
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One litre of phosphine weight 1*52 grams under normal coiiditioiis. 
Hence if one litre of oxygen weighs, 1*429 gmms the Tapour density .wi.tli 
reference to oxygen 32 is 33* 9, corresponding with the formula PHg. 

Phosphonium compounds.— When dry phosphine is brought in contact 
with dry hydrogen chloride, hy^drogen bromide, or hydrogen iodide at 
high pressures, the gases unite, forming a series of so-called phosphonium 
compounds: PH 3 “h HGl = PH^Cl. ' The chief interest' of the phos- 
phoniiim compounds lies in their relationship to the ammoiiium compounds 
which are formed in a similar manner:, NHg + HCli :==i= :NH 4 G^ . The. 
monad radicle, PH^, phosphonium, bears the same relation to phosphorus 
that XH. 1 , ammonium, bears to nitrogen. The basic properties of j)hos- 
phine are very much feebler than ammonia. Phosphonium iodide is one 
of the best known phosphonium compounds. It is prepared in the 
following manner : 

i^iaec iOO grams of phosphorus in a retort. A, and add an equal -weight of carbon 
disuli^hide, and then 170 grams of pm*e iodine. Keep the retort well cooled 
during the mixing. Distil off the carbon disulphide by attaching a Liebig’s con* 
denser to the retort, and placing the retort in a dish of wai*m -water. The retort 
is then connected with a wide tube, B, which may be fitted with a glass bottle, i?, 
as shoi^’n in Fig. 239, and then, in the fume closet, with a wash-bottle containing 
water to absorb any hydrogen iodide formed by the decomposition of the phospho- 
iiium iodide. Connect the retort with a Kipp’s apparat-as. C, for generating carbon 
dioxide, dried by passage through a tube, D, charged with pumice stone soaked 
%rith sulphuric acid, and keep a slow stream of carbon dioxide passing through the 
apparatus all the time an experiment is in progress. Let 85 grams of water fall 
slowly, drop by drop, on to the residue in the retort. The heat of the reaction 
suffices to sublime the phosphonium iodide into the wide tube, but towards the end 
of the operation, the retort may be warmed. When the operation is completed, 
loosen the j>hosphonium iodide which has collected in the wide tube by means of 
a piece of vrive» and transfer the salt to the bottle used as a receiver. The bottle 
is then closed with its stopper, The reaction is represented : 61 9P -|- 
I6H2O =« 5PH4I + 4H3PO4. 

Phosphonium iodide ciystaliizes in large quadratic prisms with a 
brilliant lustre. It is an unstable salt readity dissociating into hydrogen 
iodide and phosphine, even at a-s low a temperature as 30*^. The cry^stals 
can be sublimed without melting. They fume in air, and in contact with 
water form hydrogen phosphide and hy>'drogen iodide. With potassium 
hydroxide, fairly pure phosphine is obtained : PH^I + KOH = KI -i- 
H 9 O “f“ PHg ; and with alcohol GrtH^OH. a similar reaction takes place : 
PH 4 I + CsH^OH C 3 H 5 I + Hgd -h PHg. Phosphonium iodide is used 
as a reducing agent, and in the preparation of organic phosphines. Phos- 
phonium chloride is dissociated at ordinary^ temperatures, but it can exist 
.at or under if kept under a pressure of 20 atmospheres. It must 
therefore be preserved in sealed tubes, and prepared by the combination of 
phosphine with hydrogen chloride under pressure. Similar remarks apply 
to phosphonium bromide, PH 4 Br. 

Liquid hydrogen phosphide, P 2 H 4 . — ^When calcium phosphide, Ca^Po, 
is treated with water, and. the gas evolved passed through a spiral tube 
In order to condense the water^ and then through a U-tube immersed 
in a freezing mixture (pounded ice and salt), a colourless liquid is obtained 
which is spontaneously inflammable when exposed to the air. The un- 
condensed gases which pass on are led into a trough of w’-ater in the fume 
closet, each bubble of gas as it comes in contact with the air may burn 
with a bright flash of light characteristic of crude phosphine. This is due 
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tO' the escape of' some: of the liqiiid ’’ phosphide. . Tfie appa,.ratiis for the 
experiment Is shown in Pig. 240 . The calcimn phosphide is dropped 
throngh/a wide tnhe: into the 
Woiilif’s bottle containing, water. 

The liquid boils at 57 ° to 68° (735 
'Biin.)., The empirical formula is 
PH 2. , The vapour density is 75*5 
(theory, for , P2H4 ' is 66). The' 
molecular formula' is therefore 
P3H4, and. if, phosphorus be terva- 
lent/ the graphic, formula is, pro- 
bably Hg^P— P—Hg, .analogous- 
with .hydrazine N2H4, 

Solid hydrogen phosphide PigHg. — When liquid hydrogen phosphide 
is exposed to light, or heated above its boiling point, it decomposes into 
gaseous phosphine, PH g, and a sohd canary-yellow phosphorus hydride 
with the empirical formula PgH, thus : 5P2H4 ~ 2P2H 4* bPHg. 

This solid is insoluble in water. The same reaction takes place 
in the presence of hydrochloric or hydriodic acid which act as cata/>dic 
agents. The depression of the freezing point of a solution of the solid 
hydride in molten phosphoius corresponds with a molecular weight PigHg. 
When heated to 70 ° in a stream of carbon dioxide, it decomposes into 
phosphorus and hydrogen. It takes fire when heated in air to 160 °, 
and wdien heated in vacuo it evolves fairly pure phosphine, forming a 
red substance also said to be a solid orange-red phosphorus Iwdride vdth 
the empirical formula P9H2, thus, oP^gHg = 6P9H2 + 6PH3, Prolonged 
heating is said to convert this hydride into red phosphorus. If the P^Ho 
hydride be heated for some hours at 80 °, a further loss of phosphine 

occurs, and a yellow solid hydi’ide, H2P5 is said to be formed. A solid 
hydride is also obtained among the products of the action of water on the 
alkali phosphides, There is some, doubt about the real existence of some of 
these hydrides. They may be solid solutions of red phosphorus with one 
of the other hydrides, or with hydrogen, 

S 6. Phosphorus Sulphides, 

Several compounds of sulphur and phosphorus have been reported. 
Most of them are made by the direct combination of heated mixtures of 
the tvv^o elements. The reaction between yellow phosphorus and siili>hiir 
is very violent, and red phosxDhorus is therefore used. The sulx:)hiir also 
should be coarsely gi'anuiated in order to keep down the velocity of the 
reaction. The mixture of sulphur and phosphorus is jplaced in a flask with 
a cork jilaced loosely in the neck. The mixtui-e is heated on a sand bath 
until the reaction starts ; the |[ame is then removed. This method of 
preparation is called Kekul4’s process of preparing phosx>horus sulphides. 
By taking the right proportions of sulphur and phosphorus, the compounds 
P4S3, P4S7i[p4S4o,aiid P2S5 can be made in this manner. No traces of a 
disulphide or trisulphide PgSg have been found in the freezmg-point curves 
of phosphorus and sulphur; and the substance previously regarded as 
PgSg (or PSg) is probably a mixture. ; Several other sulphides have been 
reported, but some are in all probability mixtures* - 
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Pliospliorus pentasiilphidej/PaSs—'^^®: sulpMde' made by; 
Kekule’s process is distilled in a current of carbon dioxide. A pale yellow 
crystalline mass is obtained which melts between 275° and 276°, and boils 
at 530°. The yaponr density 7*67 (air — I) corresponds with 7*67 X 28*9 
= 221 *7 (oxygen = 32). The theoretical valnC' for PgSs is 224 (Og == 32).' 
This also agrees with the raising of the boiling point of solutions of the 
peiitasnlphide in carbon disulphide. This sulphide is hydrolyzed by water : 

sHgO = 2P0(0H)3 + BR^S. It is used for replacing the oxygen 
in many hydroxyl compounds by sul|)hur. Thus with yrater, as we have 
just seen, H— OH forms H— SH ; and with alcohol, GgH^OH, it forms 
ethjd mercaptan, C2H5SH. With phosphorus pentacHoride, PCI5, it 
forms thiophosphoryl chloride, PSCI3, a colourless liquid boiling at 126°. 
This is the sulphur analogue of phosphor^d chloride. Phosphorus penta- 
sulphide reacts with ammonia forming phosphorus hexammine penta- 
sulphide, P2S5.6NH3, which, when gradually heated to redness in hy^ogen 
or ammonia gas, furnishes a white odourless solid, phosphorus nitride, 
P3N5. If the temperature has reached 850°, the colour varies from pure 
white to dark red. It is chemically inactive at ordinary temperatures, but 
at high temperatures it acts as a powerful reducing agent in consequence 
of its decomposition into phosphorus and nitrogen. In vacno^ this decom- 
position begins at 760°. Phosphorus nitride is hydrolysed by hot water 
forming phosphoric acid and ammonia. 

Phosphorus sesquisulphide, tetraphosphorus trisulphide, P^Sg.— 
The crude sulphide prepared by Kekule’s process is a grey crystalline mass 
which can be purified by crystallization from solution in carbon disulphide 
or phosphorus trichloride, PCI3, in the form of rhombic prisms ; or the 
crude product can be purified by distillation in vacuo. The vapour density 
of the sulphide corresponds with P4S3, It dissolves in alkaline sulphides, 
and is slowly attacked by water. At 100° it inflames in air. It melts 
at 172*5° to a reddish liquid which boils at 407° or 408°. It is used in 
making “ non-poisonous ” safety matches. The freezing-point curve of 
mixtures of P4S3 and P2S5 shows a well-defined maximum corresponding 
with phosphorus heptasulphide, P4S7. The same substance is fonned when 
a carbon disulpliide solution of the two sulphides is warmed above 100°. 
When the heptasulphide is heated to boiling with sulphur and naphthalene, 
phosphorus decasulphide, P4S10, is formed. 


§ 7. Matches. 

Ccfmmon friction matches. — ^These are made by cutting soft wood into 
the required shape by machinery. One end of the strip is dipped into some 
infiammable substance — ^paraffin or sulphur, and then into a paste made 
from yellow phosphorus, manganese dioxide, glue, and colouring matter. 
The first friction matches were made with potassium chlorate and yellow 
phosphorus, and, in 1837, Preshal substituted lead dioxide, and later, a 
mixture of red-lead and manganese dioxide as safer oxidizing agents-^ 
potassium chlorate, nitre, etc. The matches are then dried. The glue 
protects the phosphorus tom oxidation, but by rubbing the head of the 
match on a rough surface, sufficient heat is generated to ignite the phos- 
phorus in contact with the oxidizing agent. The burning phosphorus 
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ignites the sulpixiir or paraffin, and this in tnm fires the wood. Cotton 
threads dipped in paraffin are used in place of wood to form the so-called 
tvax vestas. , 

Safety matches.— In spite of the^ greatest care, the phosphorus disease 
used to prevail in match factories using yellow phosphorus. The substitu- 
tion of red for yellow phosphorus is far less dangerous to the health of the 
worker. About 1848, Bottger made the so-called safety matches with a 
“ head ” free from phosphorus. The head of the match is then made from 
a coloured mixtine of antimony sulphide, potassium chlorate, and glue. 
Other oxidizing agents are used — ^red lead, potassium bichromate, etc. The 
surface on which the match is to be rubbed for ignition is covered with a 
mixture of red phosphorus, powdered glass, and glue. These matches— 
called safety matches— have the disadvantage that they can only be ignited 
by friction on a prepared surface or if quickly rubbed on a smooth non- 
conducting surface like glass or slate ; but they are not liable to ignite by 
accidental friction. 

Safety friction matches. — ^Matches can be made which strike on any 
surface by using Schenk’s scarlet phosphorus, or phosphorus sesquisuiphide 
— P 4 S-J— in place of ordinary phosphorus. These matches are not so 
liable to accidental ignition as ordinary friction matches, and they are 
made without risk of phosphorus poisoning. 


Questions. 

!, It is found that in 11*16 litres (calculated at 0® C. and 760 mm.) of any 
gaseous compound of phosphorus, there is never less than 13*o grams of phos- 
phorus present. Also that this volume of the vapour of phosphorus itself, under 
the same conditions, weighs 62 grams. State what conclusions may be drawn 
from the above data, with reference to the atomic and molecular weight of phos* 
phorus. — Cambridge Senior Locals. 

2. What volume changes oecur where (i) Sulphur is heated in nitrous oxide ; 
(ii) Phosphorus is heated in nitric oxide ; (hi) Sodium is heated in gaseous hydrogen 
chloride ; (iv) Potassium is heated in gaseous ammonia ? Give equations. What 
inferences can be drawn from the observed facts as to the formula of the bodies 
formed and destroyed ? — Owens ColL 

3. Describe and explain the changes which take place when {a) sulphur, (6) 
phosphorus, (c) iodine, (d) zinc, are severally boiled with concentrated potassium 
hydroxide solution, — Londoti XJniv. 

4. Describe how from a specimen of calcium phosphate you would propose 
to make crystalline preparations of (a) calcium chloride, (6) ammonium magnesium 
phosphate. Give equations for the reactions involved. — London Univ. 

6. What are the formula and name of the salt having the following percent- 
age composition ? Calcium, 38*72 ; phosphorus, 20*0 ; oxygen, 41*28. — Glasgow 
Univ. 

6. Define the term “ acid.” In the light of your definition give reasons 
for assigning or refusing the name “ acid ” to aqueous solutions of the following : 
hydrogen sulphide, ordinary sodium phosphate, sodium bisulphate, copper 
suIphaTte, and alcohol (CgH^OH ). — Board of LJduc. 

7, Describe the chlorides of phosphorus and give ail the details essential for 
the preparation of a pure specimen of phosphorus pentachloride. — Board of Educ. 

8. Describe how the law of mass action can be applied to the dissociation of 
phosx:)horus pentachloride, both by itself, and in the presence of chlorine gas, and 
.state and explain what induenee change of pressure and temperature have on this 
dissociation. — Madras Univ. 

9, How do you account for the ignition of an ordinary lucifer match and of a 
safety match ? — London Univ. Mcdrie.. 


CHAPTER XXXI 

V .The .Oxides and; Acids of Phosphoeus ' 

§ 1. Phosphorus Pentoxide. 

When pliospliorus is burnt in an excess of dried air or oxj^gen, white clouds 
of pliospliorus pentoxide condense as a voluminous powder— floxvers of 
phosphorus. Small quantities of other oxides of phosphorus may be 
formed at the same time, and these impart a slight garlic-like smell to the 
product. Pure phosphorus pentoxide has no smell. Traces of the lower 
oxides of phosphorus present in commerical phosphorus pentoxide can 
be oxidized by re-subliming the powder in a current of dry oxygen so that 
the mixture passes over warm platinized asbestos. 

Phosphorus pentoxide sublimes very slowly at 50®, but at 250® the 
sublimation is rapid. The vapour density at 1400®, by V, Meyer’s process, 
corresponds with the molecular weight P40 ioj but the simpler formula, 
P2O5, is generally employed for the sake of convenience ; and in virtue 
of our ignorance of the molecular formula of the solid oxide. Phosphorus 
pentoxide can be melted by heating it quickly. There are said to be 
three varieties .* crystalline, amorphous, and vitreous. 

Phosphorus pentoxide is extremely hygroscopic, and it absorbs moisture 
from the air very quickly ; hence its use for drying gases. When thrown, 
into water, combination occurs with a hissing sound resembling the quench- 
ing of red-hot iron, and metaphosphoric acid is formed : PgOg 4* H2O 
2HPO3, When this solution is boiled with water, or when the phosphorus 
pentoxide is thrown into hot water, orthophosphorio acid is formed; 
P2O5 4* SHgO ™ 2H3PO4. The heat of solution of the crystallin© modifi- 
cation of phosphorus pentoxide is 41 Cals, ; of the amorphous powder, 
34 Cals. ; of the vitreoixs variety, 29 Gals. ; and the product of combustion 
of phosphorus with oxygen has a heat of solution of 34 Cals. The affinity 
of phosphorus pentoxide for moisture is so great that it can withdraw the 
elements of water from many organic and inorganic substances, e.g. it 
converts nitric acid into nitrogen pentoxide, etc. It is generally taken to 
resemble nitrogen pentoxide in constitution : Og^P — 0— P^Og, but this 
cannot a|)piy to the molecule If P^Oj^ be the correct molecular 

fonnuia of this oxide, the graphic formula (phosphorus quinquevaleiit) 
will be. that shown in fhe’.diagram . 



Phosphoric oxide, P4O4Q 


m 

K 

0^ 
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The corresponding acid— -P(OH,)5---is not known ; aithoiigli the equivalent 
chloride, PCis, is knowiiv . 


§■ 2, Orthophosphoric Acid and ^ the Orthophosphates. 

, Orthophosphoric acid, H3PO4, is, formed when phosphorus peiitoxide 
is dissolved in water, and the solution is boiled. It 
is also formed when one part of red phosphorus is 
boiled with 16 parts of nitric acid, specific gravity 
between 1*20 ^ and 1*25, in a flask fitted wdth a reflux 
condenser, and a ground glass joint at the neck, as 
illustrated in Pig. 241, so that the nitric acid which is 
volatilized may be returned to the flask. When the 
phosphorus is ail oxidized, the solution is evaporated 
to dr3niess, and the residue is finally heated in a 
platinum dish to a temperature not exceeding 180° to 
make sure that ail the nitric acid is driven off. Ortho- 
phosphoric acid is also made by the action of sulphuric 
acid on bone ash as described for the manufacture of 
phosphorus. 

Properties of orthophosphoric acid. — By concen- 
tration in vacuOf or by heating to 140°, the acid can 
be obtained in six-sided prismatic crystals belonging 
to the rhombic system. The acid melts at 42*3°, and 
dissolves readily in water. It is tribasic — H3PO4 — 
and it forms thScee series of salts — ^normal or tertiary, 
secondary, and primary according as all, two, or one of its hydrogen atoms 
are replaced by an equivalent radicle : 

Primary. Secondary. Tertiary. Secondary. 

HO. NaO. XaO. NaO. XaO. 

HO^P-0 HO^P-0 NaO^P-0 HaO^P-O NH^O^P-O 

HQ/ HO^ ■ NaO-^ HO'' 

Orthophos- Sodium dihydro- Disodium hydro- Normal sodium Mierooosmic 
phoric acid, gen phosphate, gen phosphate. phos^^hate, salt. 



The normal salt is alkaline to litmus, the secondary salt is almost neutral, 
and the primary salt is acid. The hydrogen atom may be replaced by 
different radicles. Thus the secondary acid salt — ammonium sodium 
hydrogen pixosphate, also called microcosmic salt — is illustrated by the 
graphic formula above. Two hydrates have been reported : 2H3PO4.H2O 
and 10HgPO4.H2O. Orthopbosphorie acid is comparatively weak, and 
appears to furnish the ions H3PO4 ;f^2H* + HPO/ at 

moderate dilutions. Even at extreme dilutions the acid is only partially 
resolved into 3H* + PO4'". The acid functions of the three hydrogen 
ions vary greatly. The first ion has the strongest acid functions, the 
third, the least. To still further emphasize the idea developed in our 
study of neutralization, p, 170, the, behaviour of the three sodiuna ortho- 
phosphates tow^ards their indicators is given in Table XLIV. 

1 A stronger acid may cause an explosion, and with a. weaker acid the action 
is slow. A trace of iodine will accelerate the action. ~ The nitric acid should be 
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Table XLIV.— Behavioxjb':Oe, the Sodihm: Oethophosphatbs 
TO Indio ATOBS. 


Sodium 

orthophosphate. 

Methyl orange. 

Phenolplithalein. 

, Xitmus. 

ISra.,P 04 

alkaline 

alkaline 

alkaline,. 


alkaline 

neutral 

; alkaline ' 

NaH:aF 04 

neutral 

acid 

, acid 


The constitution of phosphoric acid. — ^Aqueous solutions of phosphoric 
acid contain the polymerized moiecule (H3p04)2. The structural formula 
for idiosidioric acid idli depend upon what view is adopted about the 
%^aiency of phosphorus— -ter- or q^uinque valent. In the former case, we 

have ‘ ,0— OH /OH 

P^OH and 0=Pe0H 

^OH ^OH 

in the latter. The oxychloride of phosphorus must be either 

/O— Cl /Cl 

P^CI or 0=PfCi 

^C1 ^C1 

Phosphorus is undoubtedly quinquevalent in the pentafiuoride and also 
in the pentachloride. Accordingly, the latter formula is usu ally considered, 
without direct proof, to be the more probable, and hence it has been 
employed in what precedes. Phosphoric acid is formed by treating the 
oxychloride, 0— PClg, with water, and therefore 0”P={0H)3 

the most probable structural formula for phosphoric acid. With the 
notation discussed under periodic acid, “ orthophosphoric acid ” should be 
written P(0H)5, but this acid and its salts are unknown. The first dehydra- 
tion product of P{0H)5, stable at ordinary?- temperatures, is called ortho- 
phosphoric acid 0— P(OH)g ; the corresponding chloride is POClg, 
phosphoryi chloride. Just as the substitution of an alkyl radicle P/ in 
place of hydroxyl in sulphuric acid furnishes a series of sulphonic acids, 
so here, the replacement of an alkyl radicle in phosphoric acid furnishes 
a seiies of phosphinic acids, R.P0(0II)2. This is a convenient place to 
emphasize the fact that compounds with the group 0=P~ are more 
stable than compounds with the group Gig— P^. Phosphorus penta- 
chloride, Glg—PClg, for instance, is readily dissociated by heat iind.er 
conditions where O^PClg is stable. 

Sodium orthophosphates.— *The disodium phosphate is the ordinary 
sodium phosphate used in the laboratory in testing for magnesium salts. 
It is obtained in the form of monoclinic prisms with 12 molecules of 
water of crystallization — Na2HP04.12H20 — by adding sodium carbonate 
to phosphoric acid until the solution is just alkaline, and evaporating the 
solution until it deposits crystals. The crystals effloresce in air, and melt 
at 35'". The dodecahydrate passes into the heptahydrate at about 35^^ ; 
into the dihydrate at about 48® ; and into the anhydrous salt at about 95®. 
At 0®, 100 grams of water ;<iissblva- 2*5 ' grams of the salt ; 82 grams, at 
50® ; and 99, at 100®. If, a mix^ solution of sodium hydroxide and di- 
sodium phosphate be evaporated until the liquid crystallizes on cooling, 
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.hexagonal or ■ rhombic crystals of. the normal sodium phosphate, separate 
with. 12 , molecules of water of crystallization — XagPO^.l^HgO. ' Several .: 
other hydrates of this salt are known. ■ The aqueous solution of the 
normal phosphate is alkaline— owing to the reaction : H^O + 

' .Na3P04 ^ NagliPO^ + XaOH. In the ■ language of ions, this is re- 
presented'; 

NagPO^ ^ Xa*+ Na2P04' 

j_ _j_ 

H.O^OH'-fH* 

It it 

HaON Na2HPG4 

If phosphoric acid be added to the disodium phosphate until the liquid 
gives no precipitate with barium chloride, the solution when evaporated 
gives crystals of sodium dihydrogen phosphate— H2NaP04.H 26. The 
crystals are dimorphous ; both forms belong to the rhombic system. 
Aqueous solutions of this salt are acid. If a mixture of, say, 6 grams of 
ammonium chloride, and 36 grams of the disodium phosphate be dissolved 
in as little hot water as possible, and the solutions be mixed, crystals of 
sodium ammonium hydrogen phosphate, microcosmic salt— HNa]S[H4P04. 
4H2O — ^will separate from the solution on cooling. 

Silver orthophosphate,. Ag3p04.— By mixing solutions of silver nitrate 
and sodium orthophosphate, a yellow precipitate of silver phosphate 
is obtained. The precipitate is soluble in nitric acid, and since nitric 
acid is produced during the precipitation of silver phosphate : SAgNOs 
+Na2HP04 = Ag3p04 4- 2Xa]Sr03 + HNO3, the precipitation will be 
incomplete. Silver phosphate also dissolves in aqueous ammonia. 

Calcium orthophosphates. — Calcium i3hosphate is one of the most 
important salts of phosphoric acid. Pure crystalline tricalcium phosphate, 
Ca3(P04)2, has not yet been found in nature, or prepared in the laboratory. 
The nearest approach to pure calcium phosphate is made by adding sodium 
phosphate to a solution of calcium chloride in the presence of ammonia. 
Calcined bones contain the equivalent of from 60 to about 80 per cent, 
of the normal phosphate. Several more or less impure calcium phosphates 
occur in nature, see “ the occurrence of phosphorus.” The normal and 
the two acid phosphates are related to orthophosphoric acid as indicated 
in the following formnlic : 


0: 


DH 

=P(l0H 

\0H 


0: 


.0— H 

=p.^O— H 


0=Pf-0 

^O- 


/9>Ca 


0 




pZ8>0a 

'y>Ca 


Q>Ca 

0=-P;(^0— H 
^0— H 

Orthophosphoric Monocalcium Oioalcium Tricaleium or normal 

acid, phosphate, phosphate, phosphate, 

H3PO4. CalHsPO^).. CaHP04 or Ca.lPO^)^. 

Normal calcium phosphate is very sparingly soluble in water : 100 parts 
of water dissolve about 0*003 pait of the solid. The presence of alkalies 
decreases the solubility ; while the presence of neutral salts — ^like sodium 
olilorido, sodium nitrate — and acids— flike,, carbon dioxide — ^increase its 
solubility in water. The dissolution of normal calcium phosphate in water 
— ^particularly in boiling water — ^is reaEy a kihd of hydrolysis, for a basic 
■■ - ; ^ 2 a2 . 
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salt, Ca{0H)2.?iCa3(P04)2, is precipitated, a, nd an acid salt remains in 
solution Siniikr remarks apply to the action of water on tke other 
calcium phosphates. The phosphates of magnesium, iron, and aluininliini 
resemble calcium phosphate in their behaviour towards water. CalGium 
phosphate is converted into soluble acid salts or into soluble phosphoric 
acid when treated with concentrated nitric, hydrochloric, or sulphuric acid. 

Vegetable life is mainly dependent upon the solubility of calcium 
phosphate in the soil solution for the iDhosphorus required for proper nutri- 
tion. To ensure a quick distribution of the phosphate in soils, and a more 
concentrated solution of phosphoric acid in the water about the roots of 
plants for agricultural purposes, a more soluble phosphate than normal 
c^aicium phosphate is considered necessary. To convert the normal salt 
into a more soluble acid salt, normal calcium phosphate is treated with 
sulphuric acid — usually chamber acid— in order to transform most of it 
into the monocalcium phosphate ; Ca3(P04)2 + 2H2SO4 = CaH4(P04)2 
2CaS04. The acid pfiosiAate becomes CaH4(P04)2.H30, and the caiciimi 
sulphate, 0aS04.2H20. This mixture contains a little undeoomposed 
normal phosphate. The mixture is generally called superphosphate, and 
sometimes “ acid phosphate.” The superphosphate is used as a fertilizer* 
On exposure to the air, moisture is absorbed, and the undecomposed normal 
]}hosphate reacts with the soluble monocalcium phosphate, forming a 
spariTi^ly soluble dicalcium phosphate : Ca3(P04)2 4- CaH4(P04)2H20 -j- 
H2O == 4CaHP04,2H20. The superphosphate is then said to have 
‘^reverted” or “precipitated.” The chief sources of the phosphatio 
fertilizers of commerical importance are (1) phosphatic rock ; (2) bones 
and bone preparations ; (S) guanos. Many islands have been “ stripped ” 
of the guano they once contained. Nitrogenous matters and potash, 
all valuable manures, are also associated with guano. The guanos have 
undergone more or less decomposition by the action of rain, etc., and they 
are sold on the “per cent, of nitrogen” they contain. Some guanos 
are enriched by the addition of dried blood, ammonium phosphate, etc., 
and sold as special fertilizers. ( 4 ) Sewage, etc. — e.g, the littoral of the 
Red Sea ; and ( 5 ) basic or Thomas slag. The latter is the discarded lining 
of basic process steel furnaces which absorbs phosphorus from pig iron in 
the process of manufacturing iron and steel. Sometimes crystals of tetra- 
calcium phosphate — Ca^^Pg^o? is, dCaO.PgOs — found in the slag. 

Some consider that the composition of the two apatites — fluoroapatite, 
SCa3(P04)2.CaF2, and chioroapatite, 3Ca3(P04)2X'a0i2, should be repre- 
sented graphicaiiy : 




.Ca— PO4 
*Ca— PO4 


ci-c^po,<Sz?g:ig 


§ 3 . Pyrophosphoric and Metaphosphoric Adds. 

Pyrophosphoric or diphosphoric acid, H4P3O7, or p203(0H)4. This 
acid is formed when oithophosphorio acid is heated between 260 ° and 260 °. 
At that temperature the acid itself begins to volatilize. Two molecules of 
orthophosphoric acid lose one molecule of water : 


-OiH HO 


xOH 

-P^O 

^OH 


HO\ 

- 
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Boilittg water, transfo^^ pyrophospkoric acid back into the ortiio- 

phosphoric ' acid. Pyropliospiiorio. acid "is tetrabaslc. The eth}^ salt, 
(03H.g)4Pg07, has a moiecniar weight corresponding with the tetrabasic acid 
.^wheii its, effect on the : boiling point of chloroform is measured.' Sodium 
pyrophosphate is formed when the monohydrogen salt is calcined 2Ha2 
.HPO4'— .HgO -j- Magnesium ammonium phosphate is readily, 

transformed, into magnesium pyrophosphate by calcination, as indicated 
above? 2(IS[H4)MgP04 ■=Mg2P207 + H2O 4‘'2XH3. The pyrophosphates 
are faiiiy stable salts ; they pass , into the orthophosphates w.hen boiled 
with sulphuric acid. Curiously enough, tetrabasic p3’Tophosphpric acid 
only forms quaternary or normal pyrophosiDhates, say,']Sfa4p207, etc. ; and 
the secondary pjo^ophosphates, say N'a2H2P207, etc. " The primary and 
tertiary salts are unknown. Pyrophosphoryi chloride, PaGgCi,!, corre- 
sponds with pyrophosphoric acid, P303(0H)4. The molecular weight 
of pyrophosphoric acid, prepared by the action of hydrogen sulphide on 
lead pyrophosphate, is H4P2O7 ; that prepared by dehydrating ortho- 
phosphoric acid has a molecular weight corresponding with a mixture of 
(H4P207)4 and (H4P307)5, 

Magnesium ammonium phosphate, Mg{NH4)P04.6H20.— This salt 
is obtained as a crystalline precipitate when a solution of a soluble phos- 
phate is mixed with ammonia, ammonium chloride, and magnesium sul- 
phate or chloride ; and conversely, if ammonium phosphate be added to 
an ammoniacal solution of magnesium, the same salt is precipitated. These 
reactions are accordingly used for the determination of phosphorus, and 
of magnesium. When the precipitated magnesium ammonium phosphate 
is filtered, washed, and calcined, it is converted into magnesium pyro- 
phosphate — Mgop207. The weight of the pyrophosphate enables the 
amount of phosphorus or of magnesium to be computed. Since the alkaline 
earths would also be precipitated as phosphates with the magnesium 
phosphate, if they be present, the analyst removes the allmline earths — 
say by precipitation as carbonates in the presence of ammonium chloride 
in wiiich magnesium carbonate is soluble — before the magnesium phos- 
phate is precipitated. The same remark also applies to other precipitants 
for magnesium ; they also precipitate the alkaline earths. 

Example. — How much magnesia, MgO, and how much phosphoric oxide, ^2^5* 
would 0*0 grm, of magnesium pwophosphate represent ? Ansr, 0*181 grm. of 
MgO, and 0^319 grm. F 2 O 5 . 

Metaphosphoric add, HPO3.— This acid is formed as a viscous solid 
when phosphorus pentoxide is left exposed to moist air ; and it is also 
obtained bj^ heating ammonium orthophosphate, or pyro- or orthophos- 
phoric acid to a red heat : 

HO 0 

ho4p=o H 2 O+HO— 


Hq/ 


'0 


Metaphosphoric acid apparently bears the same relation to phosphorus 
that nitric acid bears to nitrogen. Metaphosphoric acid is a transparent 
vitreous solid, sometimes called “ glacial phosphoric acid.’* It fuses at 
about 38 '^- 41 '', and the commerieal acid, is usually cast in sticks. It is 
readily soluble in water, and the solution dowly passes into the ortho- 
acid; the change proceeds rapidly , on boiling the solution. . Several 
polymers — HPO3, (HPOg)^, and (HPOgya^-have been obtained. 
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Vapour density determinations of the metaphosplioric acid prepared as 
indicated above, correspond with the fonmiia HoPgOe, and in consequence, 
the acid may be a dimetaphosphoiic acid. A variety prepared by the 

action of hydrogen cuiphide on the lead salt has the molecular composition 

' ■ 

Consonant with the prefixes adopted for the periodic acids, P(OH):^ shonld 
be called orthophosphoric acid ; PO(OH)3 mesophosifiioric acid ; and P02(0H} 
toetaphosiDhorio acid. Pyrophosphoric acid would then be dimesophosphoric 
acid. The reason this acid is called “ pyro- ” acid will be obvious from its mode 
of formation — Greek rrvp (p5^r), fire. 


The metaphosphates. — Sodium inetaphosphate, NaPOg, is formed by 
Igniting either dihydrogen sodium phosphate, or hydrogen sodium am- 
monium phosphate, or dihjrdrogen sodium pyrophosphate. Metaplios- 
phoric acid is itself monobasic, and it forms a series of polybasic salts 
which may be regarded as derivatives of the hypothetical polymerized 
metaphosplioric acids. For instance : 

Salts. 

NaPOs, Sodium metaphosphate 


Acids. 

HPO3, Monometaphosphoric acid 
(HP03)2, Dimetaphosphoric acid 
(HPOglg, Trimetaphosphorie acid 
jHPOs)^, Tetrametaphosphorie acid 
(HPO'a)^, Pentametaphosphoric acid 
(HPOgbj, Hexametaphosphoric acid 


NagPgOy, Sodium trimetaphosphate 
Pb2P40i2. Lead tetrametaphosphate 
(NfiJgPgOij, Amm. pentametaphosphate 
NagP^Ojg, Sodium bexametaphosphate 


There is some reason to doubt if many of the polyphosphates are anjdhing 
more than mixtures of pyro- and meta-phosphates. Ferrous inetaphos- 
phate, Ee(P0Q)2, has been obtained by the action of fused metaphosphoric 
acid on iron, or on ferrous salts in an atmosphere of carbon dioxide. It 
is a white powder with a greenish tinge, insoluble in nitric or hydrochloric 
acid, but oxidized by hot sulphuric acid. Molybdenum metaphosphate 
was prepared in a similar way, but the process did not furnish chrcmous 
metaphosphate, but chromic metaphosphate, Cr(F03)g, was always 
obtained. 

Distinguishing tests for the phosphoric acids. — The three phos- 
phoric acids and their salts are distinguished by the difference in their 
behaviour towards silver nitrate, barium nitrate, albumen, etc. ; 


Table XLV. — Beactions of the Phosphoric Acids. 



Orthophosphoric 

acid. 

1 pyrophosphoric 

1 acid. 

Metaphos|>horic 

acid. 

Silver nitrate . 

Canary -yellow pp* 

■' 

White cryst. pp. 

White gelatinous. 

Barium salts . 

ISTo pp. {if alka- 
line, white pp.). 

No pp. (if alkaline, 
white pp.). 

White precipitate. 

Albumen , 

Nil. 

Nil. 

Coagulated. 

Zinc acetate . 

''■Mfi;::': 

Insoluble pp. 

1 Nil. 

Aluminium salts \ 

Soluble in acetic 

Insoluble in acetic 

Insoluble in acetic 

Chromium salts /' 



acid. 

Cobalt salts . 

' Blue ; soluble in 

Bed ; insoluble in 

Red; insoluble in 


acetic acid. 

f acetic acid. 

acetic acid. 

Copper salts . 
Bismuth salt alka- 


Precipitate. 


line (solution) . 


Nil' 

Precipitate. 
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■; All tile phospliorio acids ' give a canary -yellow precipitate with a large 
excess of a boiling solution of amnionium molybdate in nitric acid. The 
.precipitate is soluble in pbospboric acid, and.a large excess, of the molybdate 
solution is needed or no precipitate may be formed. The same result is 
obtained with all the acids of phosphorus since the nitric acid oxidizes 
them to phosphoric acid. Arsenic oxyaoids give a similar precipitate. 

When phosphorus pentoxide is treated with 30 per cent, hydrogen 
peroxide, while cooled with ice- water, an acid — ^monoperpliosphoric acid 
—resembling Caro’s acid — ^possibly H3PO5— is obtained ; with p^rroplios- 
phoric acid, crystals with the empirical formula H 4 E 20 g, diperphosphoric 
acid, or simply perphosphoric acid corresponding with persulphuric acid, 
are formed. The probable graphic formulae are not unlike those for per- 
sulphuric acids, excepting that sulphur is sexivalent, and |jliosphorus 
quinquevalent : 


6>p^oh 

^ ^OH 

Monoperpliosphoric acid, 

HaPOg 


6>P<Ci 

0-'^ ^OH 
Diperphosphoric acid. 


History of the phosphoric acids. — E. Boyle discovered phosphoric 
acid in 1746, and A. S. Marggraf prepared it by dissolving fleurs de 
phosphor e in water, and by heating phosphorus with nitric acid ; he also 
described some chemical and physical properties* It was once thought that 
phosphoric acid existed in tluee isomeric forms; (1) the ordinary acid 
%vhich gave a yellow precipitate with silver nitrate (A. S. Marggraf, 1746) ; 
(2) the product obtained by heating the ordinary acid which gave a white 
precipitate with silver nitrate (T. Clark, 1827) ; (3) the acid obtained by a 
thorough calcination of phosphoric acid and which gave a white precipitate 
with silver nitrate, and unlike the other two forms, coagulated a clear 
aqueous solution of albumen (J. J. Berzelius, 1816). Thomas Graham, 
1833, proved that these three acids — ^which he called respectively ordinary, 
pyro- and metaphosphoric acids — were different modifications of phos- 
phoric acid ; and that they differed from one another by “ the quantity 
of water combined with the acid.” Graham also found that when the 
acids were saturated with a base, three series of phosphates were obtained, 
one series contained one equivalent of the base per equivalent of the acid, 
a second series contained two equivalents of the base ; and a third series 
contained three equivalents of the base. 

Derivatives of orthophosphorio acid are known — e.g, the thiophos- 
phates, and ozythiophosphates— where the oxygen atoms are wholly or 
partially replaced by sulphur atoms. 


§ 4. Phosphorous Oxide or Phosphorus Trioxide and Phosphorous 

. Acid., 

Phosphorous oxide — p 4 () 6 — rmixe.d with a large excess of phosphorus 
pentoxide, is formed when phosphorus is burnt in a limited supply of air. 
Some red phosphorus and possibly a lower oxide of phosphorus are formed 
at the same time. For this experinaeht, the phosphorus is placed in a 
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glass tube, A, which is bent as shown in Fig. 2 ^, and fitted into one eiid 
of a long tube cooled by a jacket, B, containing water at 60 '. The 
cooled tube is fitted to a U-tube, 0, immersed in a freezing mixtine ; a 
plug of glass-wool is placed in the condenser tube near the U-tiibe. The 
phosphorus is ignited, and a slow stream of air is drawn through the 
apparatus by means of an aspirator connected to the U-tube. The 

phosphorus 

I pentoxide is ar- 

I .. I To Aspirator rested by the 

A 1 r i ^ - ^ J r y ^ glass-w-ool, and 

pliosphorous 
Pm flic oxide passes 

L f 1 11 |i| ^ into the U-tube, 

i 11 I i[J|| where it is con» 

f F\ 3 I I’i white crystalline 

\ \ ' mass. The 

wash-bottle, B, 

Fig. 24.2, — The Preparation of Phosphorus Trioxide — P4O0. with concen- 
trated sulphuric 

acid, protects the product from moisture. At the end of the experiment, 
the solid in the U-tube can be melted and run into the bottle B. 

Properties. — ^Phosphorous oxide so formed is a mass of monoolinic 
prisms ; it melts at 22*5® to a waxy solid, and boils at 173*^. The vapour 
density of the solid corresponds with the molecule P 4 O 0 , although the 
simpler formula, P^Og, is often used. The lowering of the freezing points of 
solutions of phosphorous oxide in benzene corresponds with a molecular 
%veight of 227 ; and solutions in naphthalene, with a molecular weight 
218. The theoretical value for P^Og is 220 ; the graphic formula being 


where the phosphorus is assumed to be tervalent. Phosphorous oxide 
smells like garlic and it is poisonous. When exposed to the air it is 
gradually oxidized to the pentoxide, and when placed in warm oxygen 
it bursts into dame. It also ignites spontaneously in chlorine. It is 
slowly attacked by cold 'Water, forming phosphorous acid.HgPOa, with 
hot w^ater it forms red phosphorus, a lower oxide of phosphorus, phos- 
phoric acid, and phosphine. When heated wdth sulphur to about 159° in 
an atmosphere of carbon dioxide or nitrogen, an additional product is 
formed which resembles phosphorus pentoxide with two oxygen atoms 
replaced by sulphur atoms. It is therefore phosphorus trioxydisulphide, 
.PfiOgSa, or rather, since the vapour density is 343*8 (Hg — 2), 1 ^ 40 ^ 84 . 
The compound is rapidly decomposed by w^ater forming 113 /drogen sulphide 
and metaphosphoric acid,, which, in turn, reacts with more water foiming 
orthophosphorio add: p 4 O 084 ;'d-. 6 H: 2 O 4 HPO 3 + 

Phosphorous acid, H 3 pOg.*^This acid is formed by the action of 
cold water upon phosphorous oxide : , P 4 O 0 + eH^O 4HgP08 ? % the 
action of water on phosphonis trichloride f PCig + 3HgO 3HCH- 
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H3PO3 ; or by passing a stream of chlorine through water beneath which 
phosphorus is melted. The phosphorus trichloride formed in the ktter 
reaction is at once decomposed by the water into phosphorous acid. The 
solution is evaporated until the temperature has reached 180°, when, On 
cooling, it solidifies to a crystalline solid which melts at 70*1°, When 
heated, phosphorous acid decomposes into phosphine and ortlio-phosphorie 
acid : 4H3PO3 ~ 3H3PO4 + PHg. Phosphorous acid is a ' powerful 
reducing agent. It reduces silver nitrate to metallic silver ; gold chloride 
to metallic gold ; and copper sulphate to metallic copper. It also absorbs 
oxygen, forming phosphoric acid. Phosphorous acid is reduced by zinc 
and hydrochloric acid to phosphine: HgPO^ -f SZn + 6HC1 SZnCL 
-j- 3HoO + PH3. The zinc and hydrochloric acid of course furnish 
nascent hydrogen. 

Constitution. — Phosphorous acid usually behaves as a dibasic acid, 
but a salt — sodium phosphite, NagPOg— corresponding with a tribasic 
acid has been reported. Consequently, it is not possible to say definitely 
whether the formula of phosphorous acid should he wvritten P{OH)3, or 
0PH(0H)3, since the evidence from different sources is contradiotory. The 
formation of the acid from phosphorus trichloride points to the formula 
P{0H)3, and the dibasicity of the acid to the formula, 0 : PH(OH)2. The 
latter formula appears the more probable, and under special conditions the 
hydrogen directly attached to the phosphorus atom may have acidic 
properties, in the same w'ay that the hydrogen of ammonia can be replaced 
by other radicles. Triethyi phosphite, P(OC2H5)3, boiling between 155° 
and 156° (760 mm.), appears to be derived froni a symmetrical tribasic 
phosiDhorous acid ; though the scarcity of salts of the tribasic acid, and 
the existence of the unsymmetrical 0 : P02Hg{0C205)2 show that two of 
the replaceable hydrogen atoms probably differ from the third. As in the 
case of sulphurous and nitrous acids, the facts are explained by assuming 
the desmotropic change : 

/OH /H 

PfOH ^ 0=:PfOH 

Me ^OH 

As indicated previously, phosphorus may be both ter- and quinquevalent ; 
but it is generally assumed that the properties of phosphorous acid corre- 
spond best with a quinquevalent phosphorus, and that the formula is 
0 : PH(0H)2. The conclusion that phosphorous acid is dibasic is in 
agreement with the heat of neutralization of the acid with sodium hydroxide. 
J, Thomsen found that 

Gram-molecules of base ..... i 2 3 

Heat evolved ill Cals. . . . . , 14:* 8 27*1 34*0 

Increasing the proportion of alkali beyond this stage has no marked effect 
on the thermal value of the reaction because no further combination occurs. 
The results with pyrophosphoric, suiphurio^ carbonic, boric, and other 
acids agi’ee with the basicities assigned to them in this book. Hence, if the 
molecular weight of an acid be known, its basicity can be deduced from the 
heats evolved when the acid is treated with increasing proportions of alkali 
With metaphosphorie acid the resull^ .appear to be exceptional, for they 
indicate a higher basicity than corresponds with HPOg, this is because the 


■732 


MODERN' INORGANIC 'CHEMISTRY 


meta-acid is unstable in aqueous solution, and is contirmoiisly passing into 
the ortho-acid. With phosphorous acid, 

Gram-molecules of base .... 1 D 2 3 

Heat evolved in Cals 14*8 28*5 28*8 

The very sHght effect of the third gram-molecule of sodium hydroxide 
a^grees with the assumption that the acid is dibasic. 

The phosphites. — The salts of phosphorous acid — the phosphites — are 
soluble in water, and those of the alkali metals have an acid reaction. 
^Solutions of phosphites give a precipitate with baryta and with lime water ; 
they also precipitate metals from salts of silver, gold, and mercury. 

Polypbosphorous acids. — A number of polyphosphoious acids — 
H4F2D5,H5P307, H^PgOii — or rather salts corresponding with these acids, 
can be obtained by removing molecules of water from one or more mole- 
cules of the salts of phosphorous acid. These salts are analogous with the 
corresponding salts of phosphoric acid. Thus PoOg -h SHgO — 2H3PO3, 
orP(0H)3 — orthophosphorousacid; P2O3 + 2H26 — H4P2O5 — pyrophos- 
phorous and P2O3 4" H2G = 2HPO2 — metaphosphorous acid. The last- 
named acid is analogous with nitrous acid, HNO2. P3n'ophosphorous acid, 
H4P2O5, is formed by the action of w^ater on phosphorus trichloride, PCI3, 
in the presence of hydrochloric acid : 2PCI3 SHgO = 6 HC 1 -f H4P2O5. 
The colourless crystalline mass melts at 38 ° and forms the ortho acid when 
treated with w'ater. According to H. G. van de Stadt ( 1898 ), a metaphos- 
phorous acid, HPOo, corresponding with one molecule of H3PO3 less one 
molecule of water, is formed in white feathery crystals when phosphine 
slowly oxidizes under reduced pressure. It is said to be converted into 
phosphorous acid by the action of w^ater vapour ; and to melt at a higher 
temperature than phosphorous acid. There is some doubt whether this is 
reaUy metaphosphorous acid. 

§ 5 . Hypophosphorous Acid, and the Hypophosphites, 

Preparation. — When phosphorus is boiled wdth a solution of barium 
hydroxide, barium hypophosphite, BaH4P204, is formed ; 3Ba{OH)2 -p 
8P -f- 6H2O ” 2PH3 -f 3BaH4P204. Yvdien this solution is treated with 
sulphuric acid, barium sulphate is precipitated. The clear aqueous solu- 
tion is separated from the precipitate by filtration ; and, when the solution 
is evaporated in vacuo at 80 °~ 90 ° it will deposit white crystals of the acid 
when cooled to 0°. The acid can be purified by recrystallization. 

Properties. — The acid has the empirical formula HgPOg. The crystals 
melt at 26 ’ 4 °. The acid is reduced by zinc and hydrochloric acid to 
phosphine. H}q)ophosphorous acid is a feeble monobasic acid which 
forms a series of salts called hypophosphites, w^here H2PO2 acts as a monad 
radicle, thus, sodium hypophosphite, NaHaPOg (p. 716 ) ; barium 
hypophosphite, Ba(H2P02)2> otc. The acid and its salts act as energetio 
reducing agents, thus, with copper sulphate a red precipitate of copper 
hydride, CugHo, is obtained. 'Hiis sho%vs that the reduction progresses a 
step further than is the case with phosphorous acid, and this reaction is one 
of the distinctive tests for hypophosphites. The acid and its salts also 
reduce salts of silver, gold, .etc,, to metals. The hypophosphites are 
oxidized to phosphates by oxidii^ig- agents, " 
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, Constitution.— *-Assiiniing the qidnquevalency of phosphorus,.., the rela- 
tions between phosphoric, phosphorous, and hypophosphorous acids are . 
well iiiustrated by the graphic formulse : 


, : /OH, ' 
. O-Pf OH ' 
^OH 

Phosphoric acid 
(Tribaslc). 


M 

0 =Pf OH 

^OH 

Phosphorous acid 
(Dibasic). 


M 

0 =Pf H 
^OH 

Hyf)ophosphorous acid 
(Monobasic). 


The last formula emphasizes the monobasicity of the liypophospiiorous 
acid, although it is probable that one of the hj^-drogen atoms is labile corre- 
sponding with the desmotropic change : 


peoH 


/H 

0 =PfH 


Inorganic derivatives of dibasic hypophosphorous acid are not known. 
The assumed monobasicity of this acid is confirmed by observations on the 
heat evolved when the acid is neutralized by sodium hydroxide. Thus, 
one gram-molecule of sodium hydroxide evolves 15‘2 Cals, when mixed 
with a gram-molecule of hypophosphorous acid, while with two gram- 
molecules of sodium hydroxide, 15*3 Cals, are evolved. The tendency of 
phosphorus to pass into the 0=P^ form is illustrated by the action of 
heat on this acid, and on its salts, for phosphoric acid and phosphine are 
produced : 2H3PO2 — OP(OH)3 + PH3. Neither the anhydride nor the 
chloride corresponding with hj^pophosphorous. acid is known. 


§ 6. Phosphorus Tetroxide. Hypophosphoric Acid. 

Phosphorus tetroxide, P2O4. — ^When phosphorus trioxide, P4O3, is 
neated in a sealed tube to about 440 °, it decomposes into phosphorus 
tetroxide, P3O4, which appears as a crystalline sublimate in the sealed tube. 
The tetroxide reacts with water, forming a mixture of xAosphoric and 
phosphorous acids : P2O4 + SHgO ^.HgPOa -f H3PO4. Phosphorus 
tetroxide is therefore to be regarded as a mixed anhydride which bears the 
same relation to phosphorus that nitrogen tetroxide, N2O4, bears to nitro- 
gen. The latter, it will be remembered, forms nitrous and nitric acids 
with water. 

Hypophosphoric acid, H4P2O3, or H2PO3. — ^When phosphorus is 
exposed to a limited supply of moist air, a mixed solution of phosphoric, 
phosphorous, and lOTophosphoric acids is formed. The acidified liquid is 
neutralized with sodium hydroxide and a sparingly soluble sodium hypo- 
phosphate separates out. The acid is made by the electrolysis of water 
made slightly acid with sulphuric or formic acid, using copper phosphide as 
anode, and eopx^er as cathode. A solution of this salt when treated vdth 
lead acetate gives an insoluble precipitate of lead hypophosphate, PbPOg. 
This salt is filtered from the solution, and washed with hot water. The 
precipitate is suspended in water, and a current of hydrogen sulphide 
passed through the solution. Lead sulphide, PbS, is precipitated, and a 
solution of free hypophosphoric acid is obtained. On evaporation, the 
excess of hydrogen sulphide is driven, from the solution, but the evaporation 
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cannot be carried very far without decomposing the acid* Hence, the 
solution must be further evaporated in a desiccator in vacuo over suiiDhuric 
acid, Fig. 87. In time, tabular, rhombic crystals of the hydrate 
HgO separate. The crystals melt at 62°. Fui'ther desiccation of the 
ciystals over sulphuric acid in vamo gives the anhydrous acid, ITgPOg, 
melting at 70°. The acid is stable at ordinary temperatures, and is 
hydrolyzed by the mineral acids, forming a mixture of phosphoric and 
phosphorous acids. The acid is dibasic, and the aqueous solution, unlike 
phosphorous acid, does not possess reducing qualities. 

Eeiation between hypophosphoric acid and phosphorus tetroxide* 
—The fact that P2O4 furnishes phosphoric and phosphorous acids when 
treated with water is expressed by the structural formula O—pEsOg™?. 
If phosphorus tetroxide be the anhydride of hypophosphoric acid, we 
should expect: O—P^Og^P + (OH)3pO — 0 — (OH)2. If the 

last formula really represents the structure of hypophosphoric acid, we 
should expect this acid to be a reducing agent like phosphorous acid, 
but it is not. Its decomposition into phosphoric and phosphorous acids is 
WoH represented by the following scheme : 

HOv /OH HO\ /OH 

0:^P-PfO +H20= 0:^P - H + ho - Pf 0 
HO^" \0H HQ/ ^OH 

Hypophosphoric a,cid. Phosphorous acid. Phosphoric acid. 

Accordingly, phosphorus tetroxide, which also decomposes into the same 
two acids in contact with cold water, has probably the structural formula 

^0\ 

0=Pe-~:JP=:0 

\o/ 

With two molecules o£ water, this gives hypophosphoric acid, and whth 
three molecules of water a mixture of phosphoric and phosphorous acids. 
Assuming that hypophosphoric acid (melting point 70°) corresponds with 
the above formula (OH)20P — ^PO(OH)2 5 hydrate (melting at 62°) is 

sometimes regarded as (HO)4p — ^P(0H)4, The molecular w^eight, deduced 
jErom the effect of the methyl esters, (CHg)2P03, on the boiling points of 
methyl bromide or iodide, corresponds with the formula HoPOg, not 
H4P2OQ. The acid undergoes association in aqueous solutions. The 
freezing points of aqueous solutions of the acid and of the potassium salt 
agree with the doubled formula H4P2O6 ; so also does the effect of dilution 
on the electrical conductivity of the sodium salts. There are, however, 
disturbances due to the decomposition of the salt in dilute solutions. 
The progressive neutralization of a solution of the acid with alkali 
hydroxide or ammoma favours the doubled formula. If the formula be 
HgPOg, phosphorus seems to act as a quadrivalent element in 0=P“ 
m)r 

By exposing phosphorus pentaehloiide to the action of ammoma, 
and heating the product in air free from oxygen, or by heating phosphorus 
with ammonium chloride, a white powder called phospham, HPNg, is 
formed. The formula HPN^ recalls that of hydrazoic acid, HN3, but the 
two compounds have not much in common. Phospham reacts with hot 
water forming metaphosphorie acid and ammonia : HPN2 + SHgO — 
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HPO3 + , A cuiiom set of six compounds is formed., bj'iieating 

■ ammonium, .cliioride .and pliospliorus -pentachloride in sealed "tubes and 
subjecting the. product to .fractional . distillation. ■ All the .compounds so 
. .separated have the. empirical formula (PXCiaK where may . be 3, 4, 5, 
6,..; 7, and some, higher unknown value..'. These phosphonitrile cMorideS' 
yield a series of phosphimic adds when treated with water. 

Summary.— To siimmarl 2 ©j the more well-defined oxides and oxyacids 
of phosphorus, .are : . 


. Oxides. 

. 'Plio.spliorus sufooxide 
Phosphorous oxide, p40^ 

Phosphorus tetroxide, P2O4 
Phosphorus pentoxide, PgO- 


Acids. 

Hypophosphorous acid, HgP02 
Orthophosphorous acid, HaPOg 
Pyrophosphorous acid, HiKOg 
Metaphosphorous acid, HPOg 

Hypophosphoric acid, H^POg 
Orthophosphoric acid, HgPO'4 
Pyrophosphoric acid, H^PgO^ 
Metaphosphoric acid, HPOo 
Monoperphospliorio acid, I13PO3 
Diperphosphoric acid, H4P gO ^ 


Questions. 

1. How are phosphorus trioxide and phosphorus pentoxide respectively 
prepared ? What happens when phosphorus pentoxide is dissolved in cold 
water and then the solution boiled ? What is the action of heat on orthophos- 
phorio acid ? — Aberdeen XJnw. 

2. Make the equation for the preparation of phosphine. Compare phosphine 
and ammonia. How may phosphorus be converted to phosphoric acid ? Give 
equations. — Univ, Pejinsylvania^ 

3. What is the effect of heat on the following : [a) phosphorous acid, (t) potas- 
sium chlorate, (c) lead nitrate, (d) ammonium chloride ? — Si. Andrews Univ. 

4. Give some examples of constitutional formui© ; and discuss the question 
of their use in chemical theory and investigation. — New Zealand Urviv. 

5. How may the different modifications of phosphoric acid be obtained, and 
by what tests may they be distinguished ? — Aberdeen Univ. 

f). Phosphorous add, PI3PO3, has been variously represented as — 


/OH 

P^OH 

\OH 


and 


0=:P^OH 

\OH 


Discuss the question indicating the si^ificance of the following facts : (1) That 
in most of its salts phosphorous acid is tribasic ; (2) That an ether exists of the 
formula PO 3(00115)3 ; (3) That phosphorous acid may be formed by the action of 
water upon pliospliorus trichloride ; (4) That phosphenjd chloride, GgHgPClg, 
is formed by the action of the trichloride on benzene, CrH., and that when the 
body is treated with water, P02Ho{C6H5) is produced which on treatment with 
PCL affords the follovdng reaction: OPHiOHlCgHs + 2PCi3- OPClgCCeH.) 
POCI 3 + PCI 3 -}" 2HC1. — London Univ. 

7. Give a brief account of the preparation, isolation, and chief characters 
of the several oxides of phosphorus ; and compare together the known oxides of 
nitrogen, phosphorus, and arsenic , — London Univ, 

8. Describe tiie preparation of jihosphorus from bone ash ; and give details, 

with a rough sketch of the apparatus you would employ, in order to convert 
tliis element into, (a) phosphorus pentoxide, (6) phosphine, (c) phosphorus tri- 
chloride, (d) phosphonium iodide . — London Uni’V* , - 1 

9. Give the names of the substances corresponding- to the formal© in the 
following equation ; P4 4* 3KOH ~h SHgO sss PHa -f- SKH^POg; and calculate the 
volume of gas at 21° and 780 mm. pressure, and the weight of the salt which ought 
to be obtained by using 70 grams of phosphorus. _ Why do we write P4 and not 
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2P2 ? (PI = i, 0 = 16, P = 31, K = 39, one litre of hydrogen at 0° and 760 mm. 
pressure weighs O’ 09 gram.) 

10. Give an account of the preparation of orthophosxjhoric acid ; show why 
it is considered to be a tribasic acid j and also by a structural formula how it is 
related to pyrophosphoric acid. — London Univ, 

11. State “ the law of mass action ” and illustrate it by the following examples : 

{a) the action of water on antimony trichloride, (6) the action of steam on red hot 
iron.... ■ . . . . ■ ■ 

12. How is yellow phosphorus converted into the red variety, and how can 
the reverse change be accomplished ? What substances can be formed when 
phosphorus is [a) heated in air, (6) heated with nitric acid, and what is the relation- 
ship between them ? — Board of Educ, 

13. Describe briefly the preparation of sodium hypophosphite from phosphorus. 
Explain carefully the changes which occur when this salt is heated, and when 
solutions of mercuric chloride and acidified potassium permanganate, respectively, 
are imxed with its aqueous solution. What is the basicity of hypophosphorous 
acid and how has it been ascertained ? — Board of Educ. 

14. Give the formulae of meta- and of common phosphoric acids. How could 
you distinguish these acids in aqueous solution ? Illustrate by examples the 
chemical differences between the mono-, di-, and tri-acids. — London Univ. 

15. Give a brief account of nitrogen and phosphorus, and their chief compounds, 
more especially %’tdth regard to their importance in animal and vegetable Hfe, — 
Sydney Univ. 

16. What is superphosphate ? Describe its method of preparation on a 
commerical scale. ,How much superphosphate will be formed from 150 lbs. of 
pure bone ash, and how much would the P2O5 in a ton of superphosphate be 
worth at 4d. per lb. ? — Bombay Univ. 

17. What is meant the equivalent of an element ? In what sense can we 
use this term correctly with reference to a compound ? Give the equivalents of 
iron, nitrogen, caustic soda, sodium sulphate, orthophosphoric acid. — London 


CHAPTER XXXII 

Arsenic, Antimony, anh Bismuth ■ ■ 

§ 1, Arsenic— Occurrence, Preparation, and Properties. 

Atomic weight, As = 74*96 ; molecular weight, AS 4 = 299*84. Ter- and 
quincxuevalent. Melting point, under pressure, about 817° ; boiling point, 450°. 

Occurrence. — ^Tlie element occurs free, and combined in a great number 
of minerals— oxide, arsmolite^ ; sulphides, realgar, AsgSa ; orpiment, 

AS 2 S 3 ; mispiclcel or arsenical pyrites, FeAsS ; cobaltite or cobalt glance, 
CoAsS ; arsenides— cobalt, OoA^^ I arsenical iron, FeAsg, and 
Fe 4 As 3 ; nickel glance, "EiAb^ ; Jcupfernickel, NiAs. Arsenic also occurs in 
most samples of pyrites and hence it finds its way into sulphuric acid when 
sulphur dioxide is made by roasting pyrites. Arsenic is also found in 
commercial zinc ; and in the smoke from coal when the coal contains 
pyrites ; hence also arsenic finds its way into the atmosphere of towns, 
where it can be detected, particularly in foggy weather. Arsenic is also 
found in some mineral waters— c.gr. Levico, Koncegno, etc. A. Gautier 
says that traces also occur normally in the human body. The mere 
qualitative detection of arsenic does not therefore give much information 
unless the operation is more or less quantitative. 

Preparation. — The element arsenic can be prepared by heating a 
mixture of the oxide, As^Og, with powdered charcoal in a clay crucible : 
AS 4 O 6 4 - 60 = 600 -r 4 As. The crucible is provided with a conical iron 
cap in which the arsenic sublimes. Most of the commercial arsenic is 
either a natural product, or else it is made by heating mispickel in a clay 
tube fitted half its length with an inner sheet-iron tube. The arsenic sub- 
limes into the iron tube. By withdrawing and unrolling the tube, the 
element arsenic is obtained : FeAsS = FeS + As., The arsenic so obtained 
is not very pure. It is purified by resublimation from a mixture of the 
crude element and charcoal. 

Properties. — Ordinary arsenic is a steel-grey metallic-looking substance, 
which forms hexagonal rhombohedral crystals with a bright lustre. 
It is called grey arsenic or y-arsenic to distinguish it froni two other 
allotropie modifications. Grey arsenic is brittle, and, like the metals, 
it is a good conductor of heat. Its specific gravity — 5*727 — is higher than 
typical non-metals. In general physical properties grey arsenic resembles 
the metals, but otherwise it is classed with phosphorus among the non- 
metals. At atmospheric pressures it sublimes very slowly at about 100®, 
and very rapidly at a dull red heat, mthout melting. If heated under 
pressure, it melts about 817®, but under prdihary pressures it sublimes . 
without melting. The vapour is lemon-yellow, and it smells like garlic. 
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Arsenic is not altered; by 'exposure to dry /air but in, moist air a; surface 
film o£ oxide is formed. At 180 ° it burns with a bluisb flame, forming 
arseiiious oxide, AS4O6. It is readily oxidized by concentrated nitric and 
sulphuric acids. Dilute sulphuric acid has very little action 011 arsenic, 
while hot concentrated sulphuric acid dissolves arsenic forming sulphur 
dioxide and prohaMy a very unstable arsenic sulphate, As2(S04)3, which 
immediately decomposes into the oxide. Dilute nitric acid in the cold 
has veiy little action, but the hot acid oxidizes the element to arsenic acid 
— H3ASO4, or AS2O5.' The reactions can he represented : BAs + IOHNO3 
~ SikSgOs -f oHab + lONO. Concentrated nitric acid and aqm fegia 
also form arsenic acid. Arsenic is not appreciably attached by hydro- 
chloric acid ill the absence of air ; but if air be present, it is slightly soluble, 
AsgOa is said to be first formed and then dissolved as arsenic trichioride, 
AsGlg. The element combines directly with chlorine at ordinaiy tempera*^ 
tures, forming arsenic trichloride. If a piece of clean copper foil be boiled 
with an arsenic salt, and hydrochloric acid, a grey film of arsenic is de^ 
posited on the copper. Several other metals, if present , give a similar film, 
but by heating the dried foil in a narrow glass tube, the arsenic is oxidized 
and sublimed on to the cooler parts of the tube in the form of octahedral 
crystals of arsenic trioxide — Reinsch’s test. Arsenic unites with almost all 
the metals, forming arsenides — e.gr. iron-— FeAsg ; cobalt — CoAsg ; nickel — 
NiAs, etc. Arsenides of the metals can be made by heating finely powdered 
metai and arsenic in a sealed tube. Manganese arsenide, MnAs, is made in 
this way; the excess of arsenic is removed with chlorine or bromine, and the 
excess of manganese by hydrochloric acid. It is a greyish-black powder, 
strongly magnetic. The iron arsenide, FeAsg, is not magnetic. No signs of 
MiigAs have been observed. Arsenic is insoluble in sodium hydroxide. 

Allotropic modifications. — ^When grey arsenic is quickly heated in a 
current of hydrogen, black glittering hexagonal crystals of arsenic are 
deposited nearest the hot portion of the tube ; and, further on, a yellow 
powder is deposited. These are supposed to represent two allotropic 
modifications of arsenic. The specific gravity of the black crystalline 
variety, sometimes called metallic arsenic, is o' 7 , and of the yellow 2 * 03 . 
The yellow variety, called a-arsenic or yellow arsenic, is formed by the 
rapid condensation of arsenic vapour, and it is made by distilling arsenic 
in a current of carbon dioxide, and passing the vapour through a U-tube 
containing carbon disuiplnde in which the arsenic is condensed as it 
emerges from the hot tube by coming in contact with another stream of 
pld carbon dioxide; or by passing the vapour directly into a U-tube 
immersed in liquid air. Yellow arsenic is soluble in carbon disulphide 
from which it is deposited on evaporation in the form of rhombohedral 
crystals belonging to the cubic system. Yellow arsenic is very sensitive 
to light and quickly passes into the grey variety when exposed to light, 
and instantaneously under the influence of the magnesium light. Some 
yellow arsenic is formed when arsenious oxide is reduced by zinc dust In 
the presence of carbon disiilpMde. H. Erdmann assumed that yellow 
arsenic and arsenious oxide have a similar constitution : 

0 

As = As ' • • ' ' 0 == AsAAs ~ 0 

As As ■ . 0 AsVAs = 0 

O' 
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blit, this ,is m: improved hypothesis.. The. elect of yeHow" arsenic on the 
boiling and freezing point of carbon ^disnlphide .corresponds with the 
formula As^. A , reddish-brown variety of ■ arsenic, specific gravity 3*764, 
is said .to, be , deposited from ''carbon disulphide on long,, standing A 
The so-called ' is .formed by the action of o.xygen or arsenious 

bromide on 'a carbon ■, disulphide solution of yellow arsenic, or by the 
reduction of arsenic compounds ; .it is- probably a 'variety of grey arsenic. 
.The" black , modification of arsenic, called '^-arsenic or black arsenic, is 
formed by the slow condensation of arsenic vapour. It is either a Mack 
powder, specifio gravity 4*6 to 4*7, or, a brittle glassy mass with .a con- 
clioidal fraotiire. At 360° it passes into the grey variety. Hence, by 
the rapid cooling of arsenic vapour, yelow arsenic is formed, and this 
passes by irreversible changes into Mack and then into the more stable 
grey variety ; Yellow As black As grey As. It is possible that grey, 
brown, and metallic arsenic are all the same variety in different states of 
subdivision. 

Atomic and molecular weights. — Numerous analyses of arsemc 
compounds show that the atomic weight (0 = 16) lies somewhere between 
74*90 and 75*22. The best representative value is taken to be 74*96 ; 
and the molecular weight of no known volatile compound of arsenic 
has less than 75 |)arts of arsenic per molecule when the molecular weight 
is determined by the vapour density (Avogadro’s hypothesis). The 
specific heat of arsenic is 0*083. Hence by Bulong and Petit’s rule, the 
atomic weight is nearly 6*4 -P 0*083 = 77. Arsenic in the arsenates is 
isomorphous with phosphorus in the phosphates, and the same value is 
obtained for the atomic weight by Mitscherlich’s rule. The vapour density 
of arsenic at about 860°, air = 1, is 10*2 ; and 5*45 at 1714° ; and 5*37 at 
1736°. The molecular weight at the high temperatures thus conforms 
with a two-atom molecule and a molecular weight 5*4 X 28*9 = 156 ; 
and at low temperatures with a four-atom molecule. 

History. — Arsenic was known to the ancients and considered by them 
to be a kind of sulphur. Aristotle mentions a substance, aavdapdxv 
(sandarache), wliich appears to have been red arsenic sulphide or realgar, 
and was called by Theophrastus dpaeviKov (arsenikon), meaning potent ” ; 
the yellow sulphide was called auripigmentmn and arsenimm* The 
former term was afterwards contracted to orpiment, a term which remains 
with us to-day. The element arsenic was prepared by Aibertus Magnus, 
about 1250, and it was considered by the later alchemists to be a bastard 
or semi-metaL Brandt first show*ed that “ white arsemc ” is the cak 
of arsemc ; and since the establishing of Lavoisier’s theory of oxidation, 
white arsenic has been considered to be the oxide of the element. 

Uses. — ^Arsenic is used in the manufacture of arsenic compounds — 
arsenic trioxide, etc., and in certain alloys. The presence of a trace in 
lead — 1 : 1000 — ^makes lead harder. Chilled shot ” is hardened with 
arsenic. The addition of arsemc lowers the melting point of the lead 
and increases its surface tension, so that when the shot is made by allowing 
the molten lead to drop from a height into water, the shot becomes spherical 
before it is cooled by the water. 

^ Arsenic suboxide, AsgO, is said to foe formed to.^ether with some of the alio-,, 
tropic modifications of arsemc when the eleincht ia sublimed in open tubes. 
There is some doubt about this. 
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§ 2. Antimony — Occurrence, Preparation, and Properties. 

Atomic weight, Sb =s= 120*2 ; molecular weight, Sb.i = 480*S. Ter-, quadri-, 
and quinquevalent. Melting point, 630*6° ; boiling point over 1300°. 

Occurrence. — ^Antimony occurs free in small quantities in Borneo and 
a few other places. It is nearly always accompanied by some arsenic. 
Antimony occurs combined with oxygen as antimony bloom, Sb^Os ; and 
as cmtimony ochre, Sb204; combined with sulphur as etibnite or grey 
mitimony ore, SbgSg; and as antimony blende or red antimony, SbgSgO. 
It also occurs combined with sulphur and the metals. 

Preparation. — ^Antimony is usually extracted from the native sulphides 
by heating the pulverized ore with scrap iron in a plumbago crucible. The 
iron combines with the sulphur forming a slag of iron sulphide which floats 
on the siuface of the molten antimony : SbgBg 3Fe = 2Sb -j- 3FeS. In 
another process, the crude sulphide is melted in such a way that the molten 
sulphide flows away from the less fusible rocky impurities. This process is 
called liquation. — ^The liquated sulphide is then mixed with about half its 
weight of charcoal and carefully roasted so as to convert the sulphide into 
oxide : 2Sb2S3 -h 902 == 2Sb203 + 6SOg. Part of the antimony oxide 
condenses in the flues, and a residue of Sb204 and unchanged sulphide 
remains behind. This is mixed with charcoal and sodium carbonate, and 
heated in a crucible. The reactions are taken to be : Sb204 4- 40 = 
4C0 + 2Sb ; and SNagCO^ + 60 + SbgSs = 9CO + SNa^S + 2Sb. The 
antimony obtained by this process is subsequently refined by fusing it with 
a little nitre so as to oxidize the contaminating arsenic, lead, sulphur, etc. 
Antimony purified by two or three reineltings is the antimony of commerce. 

Properties. — ^Antimony is a silvery-white solid with a high metallic 
lustre and a crystalline (rhombohedral) structure. It iS very brittle and 
can be easily pulverized. Like the non-metals it is a poor oonductor of heat, 
but it has a high specific gravity — 6'7 to 6*8. From its physical properties, 

antimony, like arsenic, would 
be classed with the metals, 
but its metallic characters 
are more pronounced than 
■. those of arsenic,- .Afitimony;' 

, ■: melts: at '629' ‘2''^ ■ in ■ an':' atiho-: ' 

: -sphere'' .of ,, carbo-n, • monoxide"'-'. ;: . '' 
and boils at 1440°. When 
the molten element is allowed 
to cool slowly and partially 
solidify in a crucible, the 
. . . uncongealed portion may be 

Antimony. pQ^jed olf . The interior of 
the crucible is then lined with well-formed rhombohedral crystals of anti- 
mony isomorphous with arsenic. The reduced photograph, Fig. 243, illus- 
trates the crystalline surface of a sample of 99*5 per cent, antimony from 
the St. Helen’s Smelting Co. In the act of solidification lead contracts, but 
antimony expands slightly. , Hence molten mixtures of antimony with 
other metals, when poured into moulds, take the fine and sharp impressions 
of the mould. The more important alloys of antimony are : iy^e metal : 
lead, 75 ; tin, 5 ; antimony, 20. Stereotype metal : lead, 112 ; tin, 3 ; 
antimony, 18. Britan7iia metal : copper, S ; tin, 140 ^ antimony, 7. 





Crystal? 
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; .Antimony does .not tamisii readily, on exposure to. dry air,.; but it is 
oxidized slowly by moist ^ air. Antimony 'is used to cover other metals 
like brass and lead alloys. Anthmny bhch is finely powdered antinxonj^ 
which is used do coat, plaster oasts, do.' make them, imitate metals. , When 
heated inair or. oxygen, antimony '■burns 'With a bright.Muish flame ionnlng 
, antimony trioxide, SbgGg. Aitimony com.bines directly with tlie.,lialogens. 
The action is vigorous, .and the. combining element. .becomes incandescent. 
With chlorine, antimony trichloride, - SbCls is. formed.. .Antimony also 
unites with ■ sulphur, phosphorus, ' and ■ arsenic, forming sulphides, phos> 
pliides, 'and amenides respectively. ■Dilute hydrochloric and' sulphuric 
acids have little or no action upon antimony, but the more concentrated 
acids respectively .form chloride .: ■:2Sb''H“' 6HCI‘ =.,2SbG!3 + SHg ; and an 
unstable .antimony sulphate : 2Sb + 6H2SO4 = 61120 + SSOg + Sb2(S04);j. 
If air be exciudedj hydrochloric acid does not attack the element. Anti- 
mony thus behaves towards these acids like a t3?pical metal. Dilute 
nitric acid has scarcely any action, but it probably forms an unstable 
antimony nitrate, Sb(H03)3. Concentrated nitric acid does not dissolve 
the metal but rather oxidizes it to insoluble Sb20 3 or SbaOg, or a mixture 
of SbaO^ and SbgO'j.:.''. ■ . ■ ■ 

Allotropic modifications. — ^Like phosphorus and arsenic, antimony 
exhibits allotropism. The variety now under discussion is called common 
or rhombohedrai or ^antimony. Yellow or a-antimony is a meta- 
stable variety which is formed when antimony hydride gas, SbHs, is 
treated with air at : 4SbH3 + SOg = 4Sb + OHgO. Tiiis passes 

into black antimony on exposure to light. It is not clear whether or not 
black antimony is an intermediate form between a- and ^-antimony. 
The metastable variety is said to be made by the rapid cooling of 
antimony vapour. Under these conditions, an amorphous black powder 
is obtained with a specific gravity 5*3. This variety slowly passes into 
rhombohedrai antimony at 100'^ and rapidly at 400^. Gore (1855) found 
that if a current of electricity be passed through a solution of antimony 
trichloride in hydrochloric acid — ^using an antimony anode, and a pla^tinum 
cathode — an amorphous powder of specific gravity 5'78 is deposited on 
the cathode. The cathode has then the appearance of a smooth polished 
graphite rod. The deposit appears to he solid solution of antimony 
trichloride in metastable or a-antimony. If this deposit be rubbed or 
scratched, an explosion occurs. The explosion is attended by the 
allotropic transformation of the metastafole or a-form of antimony into 
the stable ^-form or the rhombohedrai variety, at the same time the 
temperature rises to about 250°, and 19*6 Cals, of heat are evolved per 
gram of antimony. Clouds of antimony trichloride are given off at the 
same time. Hence the term , explosive antimony is applied to the solid 
solution of the trihalide in a-antimony. The evidence that explosive 
antimony is a solid solution turns on the fact that the halide is not removed 
by the solvent action of a mixture of alcohol and ether ; and, when 
compressed at a low temperature and warmed gradually, the halide oozes 
out and condenses on the cold parts of. the tube. The ^-antimony, and 
that formed by explosion gives the sanie heat of reaction with bromine, 
and hence the two varieties are supposed to be the same. 

Atomic and molecular weights.---^The.many analyses of antimony,,, 
compoimds show' that the atomic weight of this element (oxygen — 16) lies 
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somewhere between 119*79 and; 122'*o3 ; the best representative value is , 
considered to be 120*2, The moieoular weight of all known volatile com- 
pounds of antimony show that this number is the '.smallest weight , of that 
element which enters into the composition of any one of its molecules. The 
vapour density of antimony at 2000® corresponds with the one-atom mole- 
cule ; at 1640® very nearly with a two-atom molecule, and at 1440®, very 
nearly with the molecule Sbg. By analogy with arsenic and phosphorus, 
the latter number probably means that the vapour contains a mixture of 
Sb^ and Sbg molecules. According to Dulong and Petit’s rule, since' the; 
specific heat of antimony varies from 0*046 at 186® to 0*0637 at 300®, the 
approximate atomic weight of antimony varies from 6*4 0*046 139 ; 

to 6*4 -f- 0*0537 = 119. This agrees with the atomic weight 120*2. 

History. — According to Dioscorides and Pliny, stimmc and 
that is, stibnite or antimony sulphide — ^iias long been employed by 
the vunien of the East as a medicine, and as an article of toilet for darken- 
ening the eyebrows. It is mentioned in this connection in the Old 
Testament (2 Kings ix. 30 ; Ezekiel xxiii. 40). Pliny terms it 
and in a Latin translation of Geber, it is called antimonium. Both 
terms were in common use ^ up to the time of Lavoisier for antimony 
sulphide. The latter term is supposed to be derived from the Greek 
avri (anti), against ; /ioVos (monos), one ; or French mome, a monk. At the 
end of the eighteenth century, the properties of antimonjr had probably 
been investigated more carefully than the properties of any other element. 
The preparation of the element, and the known and imagined properties 
of antimony were described by Basil Valentine — a Benedictine monk of 
South Germany — about the fourteenth century. In Ms book entitled 
Triumph-^Wagen des Antimonii (The Triumphant Chariot of Antimony), 
Valentine approaches the subject with awed devotion : He who would 
write of antimony needs a great consideration and a most ample mind. 
... In a w'ord, one man’s life is too short to be perfectly acquainted 
with all its mysteries,” The same remark might be applied wuth equal 
force to any one of the elements. 

§ 3. Bismuth — Occurrence, Preparation, and Properties. 

Atomic weight, Bi = 208 5 molecular weight, Bi^ = 416. Ter-, qnadri-, and 
quinquevalent. Melting point, 269* 5 boiling pointy 1435°. 

Occurrence. — ^Bismuth is found in many localities — ^Bolivia, Saxony, 
etc. — ^in a fairly pure condition in a free state. It also occurs combined 
with sulphur as bismuth glance, BigSg; with teilurium as teiradymiie, 
BijjTcg ; and with oxygen as hismite or bismuth ochre, Bi^Og. Bismuthite 
is a hydrated carbonate. Most of the bismuth in commerce comes from 
Bolivia, and some from Australia and Bohemia. In the United States 
(Indiana) some bismuth is obtained as a by-product in the refining of lead 
ores. 

Preparation.^ — ^The ore is first concentrated by washing away substances 
(impurities) of a lower specific gravity, or by passing the crushed ore . 

1 ISTative antimony sulplude was called kohl ” by the Arabians, and later 
the namp was changed to aljcol,” and later still into alkohol” In the Middle 
Ages, this latter term was applied to almost any foie powder produced by tituratxon 
or sublimation, and later, aistifiatidn.' , The term alcohol,’* at later periods, was 
gradually csonfined to “ spirits of wine prodticed by distillation. 
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through' an intense magnetic field. — ^magnetic concentration — to grade the 
mixture according to the magnetic susceptibility of the constituents* 
Bismuth is isolated by roasting the sulphide so as to form the oxide, 
BigOs : 2Bi2S3 9O2 = 2Bi203 + 6SO2. The oxide ' is . reduced to the 
metal , by lieating it with charcoal in crucibles, or in a reverberating furnace. 
If the metal is to be refined, it is fused on an inclined plate in contact wltli 
air. , The molten bismuth is relatively slowly oxidized near its melting 
point, whereas the impurities are usually readily oxidized, or volatilized ; 
and the molten bismuth can be run ofi from the oxides. The commercially 
“ pure ” bismuth averages 99*8 to 99*9 per cent, of bismuth. The remaining 
impurities are copper, lead, sulphur, silver, etc. 

Properties.— Bismuth is a greyish- white solid resembling antimony, 
but it has also a faint reddish tinge. Bismuth is hard, brittle, lustrous, 
crystalline, and like antimony, expands about 2*3 per cent, in passing from 
the liquid to the solid condition. It is a very bad conductor of heat, 
possessing less than one-fiftieth the conductivity of silver. The metallic 
qualities of bismuth are far more pronounced than is the case with anti- 
mony and arsenic. In arsenic, the non-metallio properties predominate ; 
in bismuth, the metallic qualities preponderate. The specific gravity of 
bismuth is near 9*8. Antimony has many properties intermediate between 
those of bismuth and arsenic. There are two enantiomorphic modifica- 
tions a-Bi ^ ^-Bi with a transition temperature at 75°. Bismuth melts at 
269°. If the molten metal be allowed to partly solidify in a crucible, and the 
uncongeaied fluid be poured ofi, the crucible wiU be found lined with 
rhombohedrai crystals of the element. Bismuth boils at 1435°, and it 
distils in an atmosphere of hydrogen if heated over 1100°. Bismuth oxi- 
dizes superficially on exposure to air, but if heated in air, it burns, forming 
Bi203. Bismuth decomposes steam at a red heat, but it is not affected by 
cold air-free water. It unites directly with the halogens. The halides 
of arsenic, antimony, and bismuth are isomorphous. It does not form a 
hydrogen compound, whereas antimony and arsenic form trihydiides. 
Bismuth is but slightly attacked by hydrocMoric acid — hot or cold, dilute 
or concentrated ; it is very sparingly soluble in hot suipliurio acid forming 
bismuth sulphate, Bi2(S04)3, and sulphur dioxide. Bismuth is readily 
attacked by dilute and concentrated nitric acid forming bismuth nitrate, 
Bi(K03)3. The reaction is usually symbolized : 2Bi H- 8HKO3 = 
2Bi(iSr03)3 + 4H2O 4* 2NO. The nitrate dissolves in aqua regia forming 
bismuth chloride, Bids. Thus, nitric acid with bismuth gives a soluble 
nitrate, with antimony an insoluble oxide, and with arsenic, a soluble 
oxyacid. 

Atomic and molecular weights.— The atomic weight of bismuth, 
oxygen = 16, lies betw’een 207*9 and 210*8 ; the best representative value 
is taken as 208 ; and the atomic weight deducted fi*om Duiong and Petit’s 
rule, when the specific heat of bismuth at 18° is 0*0303, and 6*4 -r 0*0303 
211. Hence, 208 is taken to represent the atomic weight of bismuth. 
The vapour density of bismuth between 1600° and 1700° corresponds with- 
a mixture of molecules of Bi and Big ; and at 2000° the molecule is 
monatomic. ’• 

Uses. — Bismuth is used in the manufacture of alloys. , The bismuth 
alloys are Usually somewhat hard, and fusible. Some anti-friction metals 
contain about 0*25 per cent, of bismuth*, , Many of the “ fusible allo^^'s ” 
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melt in warm water. For instance, 

bismuth, 8) melts at 94’5° ; Bose's fusiMe metal{^^ ; lead, 1 ; bismuth, 
2) melts at '93-75"’ ; and Wood's fusible metal{im, 1 ; lead, 2 ; cadmium, 1 ; 
bismuth, 4) melts at 60*5°— over 150° below the melting point of the most 
fusible metal Fusible alloys, which melt at a low temperature, are used 
for making safety plugs in steam boilers ; fuses in electrical connections ; 
in lire alarms ; and in automatic sprinlders for buildings so that if a fire 
breaks out, the heat fuses a plug of the water pipe and thus allows a rush 
of water from the main. The gas pipe which enters a building can also 
be fitted with a piece of fusible alloy so that if a fire breaks out, the alloy 
will melt, choke the gas pipe, and stop the how of gas. Fireproof doors 
can also be kept open by fusible plugs which allow the doors to close 
automatically in the event of fire. The oxide or nitrate is used in making 
some kinds of optical glass, and in the decoration of pottery with lustres. 
The basic nitrate was once used as a cosmetic, but is now largely displaced 
by the cheaper zinc oxide. Some of the bismuth compounds are used 
medicinally. 

History. — ^Metallic bismuth, called marcasite,^ was described by Basil 
Valentine in the fourteenth centuiy, and it was latter classed by Paracelsus 
as a bastard metal Agricola considered it to be a true metal Most of 
the writers about the 17th century confused bismuth with antimony (A. 
Libavius) and with zinc {N. Lemery). Paracelsus grouped together 
marcasite, zinc, and bismuth as bastard metals. According to his fan- 
tastic ideas, a “ bastard metal seems to have been one which played the 
role of impurity, contaminating the ‘‘ primary matter of all metals,” If 
these mixtures be “ purged,” said Paracelsus, the bastard metal will in 
part separate or remain as faeces, and the formation of the pure metal 
can then take place.” J. H. Pott (1739) first demonstrated the 
characteristic properties of bismuth ; and its reactions were later 
studied by S. F. GeoJfooy (1753), and by T. Bergmann (1780). The 
name bismuth is supposed to be derived from the German W eiss- 
muth,” white matter. 


§ 4. Arsenic and Antimony Hydrides. 

Preparation. — ^There are several reports of its formation of a hismuili 
hydride^ but its existence has not been unequivocally demonstrated. A. 
Miohaelis and A. Polis (1887) reported some bismuthines — e,g, Bi(GH 3 ) 3 , 
B^CgHs)^, and Bi(C 6 H 5 ) 3 — ^Addition compounds of the first two compounds 
with bromine or with ethyl iodide, correspond with the ammonium 
derivatives. Triphenyl bismuthine forms addition compounds with 
chlorine and bromine — e.g, Bi(C 3 H 5 ) 3 Cl 2 , and Bi(C 3 H 5 ) 3 Br 2 — which render 
the quinquevalency of bismuth as certain as that of antimony. The 
hydrides of arsenic — arsine, AsHg — and of antimony — stibine, SbHj — 
.resemble phosphine and ammonia in composition and many properties. 
Arsine is sometimes called arseniuretted hydrogen; and stibine, anti- 
^mniuretted hydrogen. Neither arsenic nor antimony unite directly with 

^ The term marcasite was formeiiy employed somewhat vaguely for any 
ore with a metallic appearancej and ssspecially to ores now classed as pyrites. The 
term is now confined to a special variety of iron pyrites 
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liydrogeii. The yellowish-brown powder obtained when arsenic is sub- 
limed in hydrogen is not a hydride, but is arsenic itself. Hydrogen does 
not unite wdtli arsenic under these conditions. Both hydrides are produced 
by the action of nascent hydrogen from metallic zinc or magnesium and 
sulphuric acid, upon solutions containing compounds of these tw’o elements. 
Arsine is, and stibine is not, produced by the action of hydrogen generated 
W'hen potassium hydroxide acts upon zinc. Fleitmann’s test (1850) for 
distinguishing between arsenic and antimony is based upon this fact. 
When arsine or stibine is prepared by the action of nascent hydrogen upon 
an arsenic or an antimony salt, in an apparatus similar to that used for 
the prei3aration of hydrogen, the gas is accompanied by much hydrogen. 
Arsine practically free from hj^'drogen is made by the action of dilute 
sulphuric acid upon sodium arsenide or on zinc arsenide, ZngAso : Zn^Asg 
-j- 31X2^^04 ~ 2ASH3 ~\- SZnSO^. Stibine is best made by the action of 
dilute sul]3huric acid upon an alloy of antimony and zinc, or calcium, or 
magnesium.^ The gas is passed through a U-tube immersed in liquid air. 
The stibine condenses to a white solid, and the hydrogen passes on. When 
the U -tube is removed from the liquid air, the stibine vaporizes. 

Properties. — Both gases are very poisonous. One bubble of arsine is 
said to have produced fatal effects. A. F. Gehlen lost his life %vith this 
gas in 1815. H. S. Schulze more recently died from having worked with the 
gas without taking proper precautions. Stibine is less stable than arsine. 
Both gases when passed through a hot tube deposit the elements in the 
form of a metallic film. Both gases burn with a blue flame which give 
metallic films in contact with cold porcelain. Arsine gives arsenious 
oxide, AS2O3, on combustion ; stibine, SbgOg. Stibine explodes when 
electric sparks are passed through the gas ; arsine decomposes with the 
deposition of arsenic. Arsine can be exploded with fulminating mercury. 
Both compounds are endothermal : As + 3H == AsHg — 36’7 Cals. ; 
and Sb + 3H == SbHg — 81*8 Cals. When an endothermal compound 
decomposes, heat is evolved. If such a compound begins to decompose 
at any point of its mass, the surrounding molecules are heated, and they 
too are decomposed developing more heat. The decomposition may 
thus traverse the whole mass if a vigorous enough impulse be imparted 
for the decomposition of a sufficient number of molecules to raise the 
temperature of the surrounding molecules to the temperature of decom- 
position. Concentrated sulphuric acid decomposes the gases, and there- 
fore this liquid is not used for drying the gases. Calcium chloride, 
however, can be used. Arsine liquefies at —65*^, and solidifies at -—119° ; 
stibine liquefies at —18°, and solidifies at —88°. 

Composition. — The composition of arsine or stibine can be determined 
by passing electric sparks through the gas, arsenic or antimony is deposited, 
and three volumes of hydrogen are formed. : 

2ASH3 == 2As -j- 3H2 

2 vols. Solid. 3 vols. 

If, say, arsine be passed over hot weighed copper oxide and the resulting 
water and copper arsenide are weighed, every one part by weight of 

^ Zinc arsenide is mad© by heating metallic zino and arsenic in a closed 
crucible so as to melt the mass. The calcium antimonide is made by fusing 
antimony, calcium chloride, and sodium in- . crucible. The other anti- 
monides are prepared in a similar manner* ■ ■ 
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hydrogen corresponds ‘with 24*987 grams of arsenic, The atomic weight of 
arsenic by a- preTious experiment is 74*96, Hence, the formula for arsine 
is (AsHg)^^, where n is to be determined; similarly, the formula of stibine 
is (SbHa)^. But the vapour density of arsine (hydrogen ^ 2) is 77;,9 ; 
and of stibine, 123*6, These numbers correspond with the formula}, 
AsHy and BbHg, 

Action on silver nitrate. — The two gases, arsine and stibine, are 
distinguished by their behaviour towards solutions of silver nitrate. With 
conce7itraied silver nitrate solutions, arsine gives a yellow compound of 
sliver "arsenide, AsAgg, .with silver nitrate : viz,, Ag^As.SAgNOs, .thus, 
AsHa h OAgNOg ~ AsAgg-SAgNOg + SHNOg. This compound is de- 
composed by water, forming metallic silver and arsenious acid ; AsAgg. 
'lAgNOg 4- SHgO ™ 6Ag + 3HNOg -f HgAsOg, This is the principle 
of H. Gutzeit’s test (1879). If a dilute solution of silver nitrate be used, 
silver is at once precipitated, A. W, Hofmann’s test (1860); AsHg + OAgNOg 
+ SHgO 6Ag 4- folNOg + HgAsOg, Stibine under similar conditions 
forms a precipitate of silver antimonide, AggSb, — according to Lassargne’s 
reaction : SbHg ~h SAgNOg = AggSb -f SHNOg. The precipitate is con- 
taminated with some metallic silver formed during the action of the hj^’dro- 
gen on the nitrate. This reaction serves to distinguish and separate arsenic 
from antimony. The difference in the two reactions depends upon the 
fact that arsine is oxidized to arsenious acid more readily than the stibine, 
and thus arsine, like phosphine, acts as a reducing agent. 

Marsh’s test. — ^The underlying principle of the following test for 
arsenic was devised by J. Marsh in 1836. Place about 3 ^ams of metallic 

zinc in a small ffask A, Fig. 244, and add 
C B o.c. of sulphuric acid (1 volume of acid, 
g volumes of water). The exit tube m 
/ 1 11 fitted with a calcium chloride drying tube, 

W. When ail the air has been expelled 
f y |a apparatus by the hydrogen, light 

^ the jet of gas issuing from the exit tube B, 

Light the gas burner so that the exit tube 
Fig *>44 —Modified Marqh’s heated at C, If no mixTor is formed in 
* Apparatus. the tube near O, the reagents are free from 

arsenic and antimony. Recharge the 
apparatus, and add the solution to be tested vid the tap fumiel D. If 
arsenic or antimony be present, a mirror will be deposited in the tube 
in 15 or 20 minutes. The gas is then extinguished and the exit tube 
disconnected. The mirror can be tested for arsenic by heating the mirror 
with a small fiania while the tube is held in an inclined position. A garlic- 
like odour can be detected if 0*01 milligram of arsenic is present. When 
the txibe is cold, arsenic trioxide will be found at a little distance from the 
flame in octahedral crystals which can be seen with the naked eye. These 
three results — ^mirror, garlic-like odour, and octahedral crystals — prove 
the presence of arsenic. Cumulative exddence is furnished by the applica- 
tion of other tests. If antimony be present, the mirror will be found 
nearer the hot flame € than is the case with arsenic, indeed, some anti- 
mony may be deposited in the tube before the gas reaches the hottest 
portion of the tube beccause stibine is more readily decomposed than 
arsine. If the exit tube be not heated at <7, and the gases be burned 
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with liydrogen at the end of the tube, a piece of glazed porcelain held in 
the flame wiH' receive a, steel or black deposit of arsenic or a velvety 
brown or black deposit of antimony. If the deposit be treated vdth sodiuni 
hypoehiorite solution, arsenic dissolves, while antimony remains insoluble. 
ThiS' illustrates the more ready oxidizability of arsenic than antimony. 

Antimony forms' but one hydride with hydrogen, SbHg ; arsenic 
forms a second hydride— arsenic dihydrMe—supposed to be AsgUg. 
This is the velvety-brown powder deposited when arsine is partially 
oxidized; when a jet of burning arsine impinges on porcelain; when 
potassium arsenide, Kg As, obtained by the reaction 3 KOH d- AsHg = 
KgAs -j- SHgO, furnishes the solid hydride when treated with water: 
2K3 As;+ btlgO;™ AsgHg + '6KOH -f 2H3;- when. an electric discharge 
acts on arsine ; and when water is electrolyzed with an arsenic cathode. 
The corresponding compounds of phosphorus and nitrogen are unknown. 
Cacodyl, As2{CHg)4, is the only compound of arsenic which bears any 
analogy with P2H.1, and with hydrazine, N2H4. 

§ 5 . Halogen Compounds of Arsenic, Antimony, and Bismuth. 

Arsenic trichloride, AsClg, is formed by the direct union of the elements 
when arsenic is brought in contact with clilorine ; and it is also formed by 
distilling a mixture of arsenic trioxide with hydrochloric acid. The 
distillate of arsenic trichloride is a heavy, colourless, viscid liquid, boil- 
ing at 132 ®, The liquid freezes to white needle-like crystals at —■ 18 ®. The 
mode of formation of arsenic trichloride : AS4OQ -f 121101 4ASCI3 4- 
6H2O, suggests that arsenic trichloride is a salt and arsenious oxide a base. 
The basic properties of arsenious oxide are feeble, as is shown by the 
hydrotysis of the trichloride in contact with water. With water, arsenic 
trichloride forms arsenic oxychloride, As01(0H)2 or AsOCl ; with bofling 
%vater, arsenious acid is formed : AsClg + SHgO ^ HgAsOg + 3 HCi, and 
the arsenious acid decomposes with the separation of arsenious oxide, AS4O6. 
There is some doubt if arsenic pentachloride, AsCig, is formed, when 
arsenic trichloride is cooled with an excess of chlorine. Some consider 
the alleged arsenic pentachloride is a solution of chlorine in arsenic 
trichloride. The doubts arise from the fact that the freezing point curve 
of mixtures of chlorine and arsenic trichloride show no signs of a maximum 
corresponding with the compound in question. The pentachloride, if 
formed, decomposes at — 28 ° : AsCls ^ AsCis -f GI2. Arsenic trifluoride, 
AsFg, is formed as a volatile fuming liquid boiling at 63 ® when arsenious 
oxide, As 40(5, is distilled with the materials — calcium fluoride and sulphuric 
acid — used to generate hydrofluoric acid. Arsenic trifluoride is decom- 
posed by water with the formation of hydrofluoric acid. Arsenic penta- 
fiuoride, AsFg, is known. Arsenic tribromide is a liquid which gives colour- 
less prisms when cooled ; arsenic triiodide forms orange-red rliombohedral 
crystals. These compounds are formed by the direct union of the elements. 
Arsenic pentiodide, Asl^, and also the iodides, Asl and Asgl4 (or ASI2) have 
been reported, the first named is very doubtful. 

Antimony trichloride, SbClg, is formed by the action of dry chlorine 
on an excess of antimony, and also by , the distillation of an intimate 
mixture of antimony or stibnite mth mercuric chloride. It forms colour- 
less crystals melting at 73 ®. and boiling at '' 223 ®. The vapour density 
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225*4 corresponds with the formula SbCig. Bntter of antimony ” is a 
viscid mass formed by the action of hydrocbioric acid on stibnite. When 
ciliorine is 2>assed tlirough fused antimony trichloridej antimony penta- 
chioride, SbCig, is formed as a colourless or slightly yellow liquid which 
crystallizes at —6°, fumes in air, and boils with partial dissociation into 
antimony 'trichloride and chlorine at 140°. Antimony pentachloride thus 
resembles phosphorus pentachloride : SbCl^ = SbClg + Gig. Antiiiionj^ 
trichloride is decomposed by water forming the antimony oxychloride 
as a white precipitate. The composition of the oxychloride depends upon 
the amount and temperature of the water. Thus, with one part of anti- 
mony trichloride and 1*7 parts of water at ordinary temperatures, a 
precipitate of SbOCi is formed ; with 5 to 50 part/S of water, a precipitate 
of 2Sb0Cl.Sb203 is formed; and by boiling with an excess of water, 
SboOg 23 precipitated. The oxychloride was once used in medicine under 
the name ‘‘powder of Algaroth’’— after V. Algarotus. Antimony also 
forms crystalline trihuoride, triiodide, and tribromide by the dkect action 
of the proper elements on one another. 

Bismuth trichloride, BiClg, is formed by the direct action of chlorine 
on bismuth ; by heating bismuth with mercuric chloride ; and by the 
action of aqua regia on bismuth. Bismuth trichloride is a white crystalline 
moss, deliquescent in air. It melts at 227° and boils at 428°. Its vapour 
density 328 corresponds with the formula BiCig. Unlike arsenic and 
antimony oxycMorides, bismuth oxychloride, BiOCl, is not decomposed 
by water. When bismuth tricbioride is dissolved in a little water it forms 
a syrupy liquid, but with an excess of water, a white precipitate of bismuth 
oxychloride, BiOCl. The dried precipitate is sometimes called “ pearl 
w^Mte,” and used as a white pigment. Bismuth oxychloride is insoluble, 
and antimony oxychloride is soluble in tartaric acid. The sparing solubility 
of bismuth oxychloride, its general appearance, and the fact that it turns 
grey on exposure to light recalls the properties of univalent silver and 
mercury halides. In order to exphasize this, it has been assumed that BiO 
acts as a univalent radicle called bismuthyl, so that BiOCl is bismuthyl 
chloride. Bismuth tribromide, BiBrg, is an orange yellow^ solid ; bismuth 
triiodide, Bilg, a reddish-brown powder ; and bismuth trifluoride, BiFg, 
a white solid. These compoimds are prepared in a similar manner to the 
trichloride. They too give precipitates of the basic salts with water. 
Bismuth triiodide unites directly with hydrogen iodide forming a monobasic 
acid — HBil4.4H20, called hydr-iodo-bismuthous acid. The potassium 
iodobismuthite, KBil4, crystallizes in red plates. 


§ 6. Arsenic Trioxide, Arsenious Acids. 

The molecule of arsenic trioxide or arsenious oxide is often symbolized 
AS4O3, although usually written : AsgOg. This oxide is perhaps the most 
importaiit compound of arsenic, and in commerce it is often called “ white 
arsenic,’* or simply ‘‘arsenic.” ^ Small quantities occur free in nature. 
Ai'senie trioxide is formed by oxidizing arsenic with nitric acid and by the 

^ A little know7i arsenic suboxide, AsgO, is said to be formed together -with 
allotropie modiflcations of the element when metallic arsenic is sublimed in an 
open tube. : 
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combustion of arsenic. phosphorus, the oxidation of burning 

■ arsenic stops when' the ■ trioxide is formed, phosphorus passes a stage, further': 
and forms the pentoxide. Commerical “ white arsenic ” is a by-product in 
the roasting of arsenical ores, the arsenic is oxidized to the tiioxide and 
the fumes are led through a series of chambers or flues arranged to present 
an extended condensing surface to the gases. The crude product — 
'‘ arsenical soot ’’—is collected periodically. It is refined by sublimation 
■from iron „ cylinders. 

Properties. — -Like phosphorous oxide, arsenious oxide occurs in several 
different forms. Amorphous arsenic trioxide, or vitreous arsenic, is a 
colourless, non-crystalline, glassy substance produced when the vapour of 
arsenic trioxide is condensed at a temperature slightly below its 

vaporizing temperature. It melts at about 200°, and volatilizes at 218°. 
100 parts of water at 10° dissolve 3*67 parts of vitreous arsenic oxide in 
6 hours, the solubility diminishes on standing. E.g. after standing i day, 
the solubility fell to 3*31; 21 days, 1*71 ; and 2J years, T7L Vitreous 
arsenic trioxide can be preserved unchanged in a sealed tube, but if it be 
exposed to the air it gradually becomes opaque and forms crystals of octa- 
hedral arsenic trioxide belonging to the cubic system. Similar crystals are 
produced when the vapour of arsenic trioxide is rapidly condensed, and 
when aqueous or hydrochloric acid solutions of the trioxide are allowed to 
crystallize. Octahedral arsenic trioxide has less than one-third the 
solubility of the vitreous variety. If a hot saturated solution of arsenic 
trioxide in water be allowed to cool slowly in a dark room, a flash of light 
is produced as each crystal is formed, while the effect on shaking the 
crystallizing solution has been likened to a “ fine display of phosphorescent 
light at sea.” The specific gravity of vitreous arsenic trioxide is 3*74, 
and of the octahedral form, 3*63. The passage from the vitreous to the 
octahedral variety is attended by an evolution of heat, 5*3 Gals. Octahe- 
dral arsenic trioxide vaporizes without fusion, but if heated under 
pressure it melts and forms the vitreous variety. 

If a hot saturated solution of arsenic trioxide in potassium hydroxide 
be cooled, prismatic needle-like crystals 
of rhombic arsenic trioxide separate. The 
latter are sometimes said to belong to the 
monociinic system— see “ Antimony Tri- 
oxide.” This variety is also formed when 
either of the preceding forms of arsenic 
trioxide are heated for a long time at 200°, 

Its specific gravity is 4*15. If the lower 
part of a sealed tube contaiinng arsenic 
trioxide be heated above 400°, the lower 
part will contain vitreous, the middle 
prismatic (rhombic), and the upper part 
octahedral (cubic) arsenic trioxide. This 
ex]5eriment is due to H. Bebray (1864). 

A mixture of the prismatic and octahedral Fia, 245. — Dimorphism of 

crystals will be found in the zone between Arsenic Trioxide, 

the octahedral and prismatic crystals. , , 

Fig, 245 wiU give some idea of the crystals in the intermediate zone as they 
appear magnified under a lY objective. The vitreous form is the unstable 
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variety, and the octahedral form the stable variety at ordinary tempera- 
tures/ The vitreous variety can exist at ordinary temperatures because 
of the slow speed of transformation into the octahedral form. At 100“s 
the speed is quite fast. At higher temperatures stilh, the ootahedra! form 
passes into the monoclinic variety. , Pressure alone (2500 kgrnrs. per 
sq. cm.) at ISO'" tvill transform arsenic trioxide into the vitreous variety. 

All three varieties of arsenic./' trioxide vaporize at 218°. The vapour 
density between 500° and 800° corresponds with the molecule As40g ; 
and at 3 732°, with AsgOg. Ai^senic trioxide ■ is quite stable if heated in 
air or oxygen at 100°. Oxidizing agents— like iodine, hydrogen per- 
oxide, nitric acid, and ozone— transform it into arsenic acid. Arsenic 
trioxide dissolves in hydx'ochloric acid forming arsenic trichloride. Be- 
dueing c-igents— stannous chloride — transform it into arsenic and arsine. 
Arsenic trioxide is very poisonous — 0*06 gram is near the fatal dose for 
an ordinary man ; but the habitual use of small doses makes the sj^stem 
more or less immune to the effects of much lai^ger quantities.^ The 
antidote is freshly precipitated ferric hydroxide made by adding aqueous 
ammonia to a ferric salt — e.g, ferric chloride. The efficacy of the antidote 
depends on the formation of an insoluble compound -with iron hydroxide, 
or else on the fixation of the soluble arsenic . by adsorption on the ferric 
hydroxide. Ereshly prepared hydroxide is the most efficacious. 

Uses, — Arsenic trioxide is used in the mamifacture of pigments— 
Bcleelis green, for instance, is a copper hydrogen arsenite, liCuAsO^, 
once largely used to colour waff-paper. Several cases of arsenical poisoning 
are believed to have been produced by the arsenical dust from such papers. 
Faria green or Bchweinfurt green is a double salt of copper acetate and copper 
meta-arsenite — 3Cu(As02)2^Cu{C2H302)2. It is used as an insecticide, and 
for poisoning vermin. Arsenic trioxide is also used in preserving the skins 
of animals, and in the manufacture of glass and opaque enamels. The 
sulphides, realgar and oxpiment, are used as paints and pigments; the 
salts are used medicinally, in dyeing, and in calico printing. 

Arsenites. — Aqueous solutions of arsenious oxide exhibit a feebly acid 
reaction, and redden blue litmus, probably due to the formation of an 
unstable arsenious acid, H3ASO3. It differs from the corresponding dibasic 
phosphorous acid in being tribasic, as is well illustrated by the silver salts 
AggAsOjj and AggHPOg, This acid has never been isolated because- the 
solution, on concentration, deposits crystals of the trioxide. Saits corre- 
sponding to ortho-, pyro-, and meta-arsenious acid are knowui. The con- 
stitution of the salts of these three acids may be understood from the 
graphic formul?3e : 

HO~Ab<°| |®<As— 0-As<^g HO— As-0 

Ortho-arseBious acid, Tyro -arsenious acid. Mefca -arsenious acid. 

The salts are formed by precipitation or crystallization from solutions; 
not by ignition as in the case of the corresponding phosphorus acids. 

^ With reference to the Styriah arsemc eaters, J, F, W. Johnston (1865) says : 

Arsenic is consumed chiefiy for two purposes — First, to give plumpness to the 
figure, cleanness and softness to th^ slan, and beauty and freshness to the com- 
plexion. >Second3y# to improve the breathing and give longness of wind, so that 
steep and continuous heights may be climbed without difficulty and exhaustion 
of breath. Both these results are described as follomng almost exactly from the 
prolonged use of arsenic either' "by, men 'or animals,’* 
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;■■■'; Acids..'",' '.'V'" 

Ortiho-ai'senions o,eid, As(OH)^, 
or HgAsOg 

Pyro-arsemoiis acid, AsgO(OH)4, 
, , ■ or H4As.20g , 

Meta-arsenioiis acid, AsO(OH), 
or HAsO, 


Salts. 

Silver ortlio-arseiiite, Ag^AsOg 
Copper hj^drogen arsenite, CuHAsOg 
Calcium pyro-arsenite, Ca-gAsgO- 
Ammonium pyro*arsenite (Kfi4)4As20g 
Potassium meta-arsenite, KAsOg 
Lead meta-arsenite, Pb(As 02)3 


AH the arsenites, except the alkali arsenites, are insoluble in water, aud 
they are decomposed by carbonic and hydrosulphuric acids. The soluble 
arsenites react alkaline owing to hydrolysis. Arsenioiis acid and its salts 
are reducing agents, but not so powerful as phosphorous acid and the 
phosphites. Arsenioiis acid precipitates red cuprous oxide from an 
alkaline cupric solution. When heated^ the arsenites are converted into 
arsenates and free arsenic ; and when heated with charcoal, both the 
arsenates and the arsenites are reduced to elemental arsenic. 


S 7, Antimony Trioxide and Antimonious Acid. 

Antimony trioxide or antimonious oxide is made by burning antimony* 
in air, and by adding hot water to a solution of either antimony trichloride 
or antimony sulphate .* 4SbQ3 -f OHgO “ Sb^Og 4- 12HCL The pre- 
cipitated oxide is washed with a solution of sodium carbonate to remove 
the free acid, and finally with water. 

Antimonious oxide is a white powder. It volatilizes Just over 1500*^, 
and its vapour density then corresponds with Sb406. The vapour con- 
denses in two distinct forms — prismatic needle-like crystals belonging 
to the rhombic system, and in regular octahedra belonging to the cubic 
system. These crystals are isodimorphous with the corresponding crystals 
of arsenioiis oxide. The octahedra are deposited nearest to the hot zone, 
and the prismatic crystals further along in the cooler part. A mixture of 
both will be found in between. The two forms occur in nature as the 
rhombic mineral senarnioniUi and the cubic mineral valentmite. The latter 
crystallizes in well-formed octahedra. The former is the variety stable 
at high temperatures, the latter at low ones. 

This oxide is very sx3aringly soluble in water, and the solution has no 
action on litmus. The oxide is insoluble in nitric and suljihuric acids, 
but it dissolves in hydrochloric acid forming antimony trichloride, SbCig ; 
it also dissolves in alkalies. The basic qualities of antimony trioxide are 
also exemplified in its uniting with sulphuric and nitric acids to form salts : 
antimony sulphate, Sb2(SOj3 ; antimony nitrate, Sb{N03)3, The oxide 
is also readily soluble in an aqueous solution of tartaric acid, H2{C^4H406), 
and in a boiling solution of acid potassium tartrate, HK(C4H40fd. The 
solution furnishes crystals of tartar emetic, or potassium antimony! tartrate, 
2[{Sb0)K(C4H406)]H20. This is the most important salt of antimony in 
commerce. If hydrochloric acid be added to an aqueous solution of tartar 
emetic, antimonyl chloride, SbOCi, that is antimony oxychloride, is formed ,* 
and if sulphuric or nitric acid be added, ortho-antimonious acid, Sb(OH)3, is 
precipitated because the antimony sulphate or nitrate first formed is 
immediately hydrolyzed : SbO(NQ3) 4- ^ HNO3 4“ Sb(OH)3. 

• Antimonltes and antimonious acids.*~Drtho*-antlmom6us,'acid is 
prepared by the action of acids upon tartar ometic as indicated above. 
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The corresponding arsenic compound has not been isolated, probably 
because arsenious hydroxide is not so basic as the con'esponding antimony 
compound. Ortho-antimonious acid forms a white powder when dried 
at IOC". This hydrate readily loses one molecule of water, forming meta- 
antimonious acid, ShO.OH, or HSbOg. Meta-antimonious acid shows 
its acidic qualities by forming salts^ — meta-antimonites — -when it is dis- 
solved in alkalies ; the hydrogen of the acid is replaced by the basic radicle, 
e.g. sodium meta-antimonite, NaSbOa-SH^O, has been obtained in tetra- 
gonal crystals. It is ahnost insoluble in water. The graphic formulae 
resemble those of the arsenious acids. 

On boiling antimony trioxide with sodium hydi'oxide, a solution of 
sodium ortho-antimonite, Sb(ONa)3 or NagSbOg, is formed. The salt is 
hydrolyzed when the solution is diluted with water : Sb(ONa)3 + HgO == 
2NaOH -f NaSbOg, and also into ShgOg if much water be present. The 
filtered solution deposits crystals of sodium meta-antimonite on cooling. 
The latter is decomposed on further dilution into antimony trioxide. 
Hence, if sodium hydroxide or carbonate be added to antmaony trichloride 
an ahnost quantitative precipitation of the trioxide, SbgO 3, occurs. SbO 
in SbO.H, like KO in KO.H, behaves as a univalent basic radicle and it 
is called antimonyl — e.g, antimonyi nitrate, SbO^NOg) ; and antimony! 
sulphate ( Sb0)2S04. All these compounds are readily hydrolyzed by water 
and form acid and the trioxide, so that they cannot he made in aqueous 
solution. Pyro-antimonious acid has been reported — Sb20(0H)4, or 
H4Sb205, but there is some doubt if it has yet been isolated. The 
constitution of the antimonites will appear by comparison with the 
grapiiio formulae for the corresponding arsenites. 

8. Bismuth Trioxide. 

Bismuth trioxide is formed when bismuth is heated in air or when the 
hydrated oxide, carbonate, or nitrate is calcined. Bismuth trioxide is a 
cream-coloured powder which is not acted on by water. It is the most 
stable of all the three bismuth oxides. All the three known bismuth 
oxides form the trioxide when heated in air. Bismuth trioxide melts at 
700 °. It is dimorphous, and isodimorphous with the corresponding oxides 
of antimony and arsenic. ^ Bismuth trioxide is said to form three hydrates : 
BigOg.HgO ; Bi203.2H20 ; and BigOs.BHgO. The possible graphic 

formula are respectively : 

o=Bi— OH 

Metahydrate. Mesohydrate, Orthohydrate. 

These hydrates have no acidic properties and do not combine with bases 
to form salts. The trihydrate is formed by pouring an acid solution 
of bismuth nitrate into an excess of aqueous ammonia : 2Bi{N03)3 + 
6NH4OH =: 6NH4NO3 -f Bi203.3H20. This at 100° passes into the mono- 
hydrate, BigOg.HgO. Bismuth trioxide exhibits marked basic properties, 

^ A little known bismuth suboaade, BiO, or BigOg, is said to be formed as a 
black precipitate when a bismuth salt is reduced by an alkaline solution of stannous 
chloride. It is possible that th© precipitate is a mixture of metallic bismuth and 
of the hydrated oxide. 
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for it dlssolvesin acids to' form salts— bismuth nitrate, Bi(N03)3 ; bismuth 
sulphate, Bi2(S04)3, etc. With a small quantity of hydrochloric acid, it 
first forms bismuth oxychloride, BiOCl, and with an excess of acid, bismuth 
trichloride, BiGlg. Water converts all these salts into insoluble basic salts 
and free acid. The small amount of acid formed is practically without 
action on the precipitate at the extreme dilution, and precipitation is 
therefore practically complete : Bi(N03)3 -f- 2H2O = 2HNO3 “r Bi0(N03). 
H2G. One part of bismuth nitrate in contact vdth 50,000 parts of water 
can be detected by the resulting turbidity. Bismuth oxynitrate, bis- 
muthyl nitrate, Bi0(N03).H20, or Bi(NOg)(OH)2, is used medicinaih’ 
and in the preparation of cosmetics. It was once called “magister of 
bismuth ’’ or Spanish white.” The latter term is sometimes used com- 
mercially for a special grade of whiting. Since the bismuth oxynitrate 
becomes yellow on exposure to air, and blackens in the presence of hydro- 
gen sulphide {e,g. the waters of Harrogate Springs), its use as a cosmetic 
has given way in favour of zinc oxide. 

§ 9. Arsenic Pentoxide, and Arsenic Acids. 

Arsenic pentoxide cannot be prepared, as in the case of phosphorus 
pentoxide, by the combustion of arsenic in oxygen gas because the product 
with arsenic is the trioxide. Arsenic acid, H3ASO4, is made by digesting 
arsenic trioxide with nitric acid. The cold concentrated solution deposits 
rhombic crystals of 2H3ASO4.H2O melting at about 36°, when heated to 
100°, the crystals lose their water of ciystallization and a crystalline po%vder 
once called ortho-arsenic acid, H3ASO4, remains. It was also stated that if 
ortho-arsenic acid be heated to about 140° or 180°, pryo-arsenic acid, 
H4AS2O7, is formed : 2H3ASO4 = HgO 4* H4AS2O7 ; and when this is 
heated to about 200° it passes into meta-arsenic acid, HAsOg, by the loss of 
another molecule of water : H4AS2O7 = 2HASO3 H- HgO. As a matter of 
fact, the existence of only two compounds of arsenic pentoxide mth water 
have been definitely established — viz.^ AsgOg, 4H2O, and SAsgOg.oHgO. 
When arsenic acid is heated to 155° for about 14 days, to 170° for about 5 
days, or to 210° for hours, arsenic pentoxide is obtained as a white 
deliquescent glassy solid : 2H3ASO4 == SHgO + AsgOg. Unlike phos- 
phorus pentoxide, if arsenic pentoxide be heated to a higher temperature — 
over 440° — it breaks down into the trioxide and oxygen : 2AS2O5 — AS4O6 
4- 20 2. Nitrogen pentoxide is also decomposed on heating. Like phos- 
phorus pentoxide, arsenic pentoxide dissolves readily in water forming 
tribasic arsenic acid, H3ASO4 — ortho-arsenic acid. The pyro- and meta- 
acids are said to resemble the corresponding phosphoric acids, but they are 
less stable. Metaphosphorio acid is stable at high temperatures, but meta- 
arsenic acid is decomposed as indicated above. Both the pyro- and meta- 
arsenic acids form crystalline solids w^hich dissolve in water with the 
evolution of heat, and the formation of the ortho-acid. Hence, unlike the 
corresponding phosphoric acids, aqueous solutions of meta- and pyro* 
arsenic acids cannot exist. Each of the, arsenic acids forms salts isomor- 
phous with the corresponding phosphate, but the salts of the meta- and 
pyro-aoids, when dissolved in water, pass into the ortho-compounds. If the 
nomenclature indicated when discussing, the periodic acids were consistently 
foBowed, the ortho-acid would be As(OH)g. The term ortho- is applied to 
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the AsO(OH) 3 acid for the same reasons that P0(0H)3 is called orthophos- 
plioric acid. The soluble arsenates have a slightly alkaline reaction. 
When arsenic acid is treated with sodium hydroxide, with methyl orange 
as indicator, it behaves like a monobasic acid; and with phenolphthalein 
as indicator, as a dibasic acid. Hence, one reason why the arbitrariness 
of litmus as a standard for neutrality was emphasized on p. 171 . The 
arsenates give a reddish-brown precipitate of silver arsenate, AgAsO^, 
when neutral sohxtions are treated with silver nitrate. The precipitate 
is analogous with yellow silver phosphate, Ag3P04 ; arsenites in neutral 
solutions give a yellow precipitate under similar conditions. 

§ 10 . Antimony Pentoxide and Antimonic Acids. 

Orthoantimonic acid, H3Sb04, or 0==:Sb=(0H)3. This acid is, made 
by oxidizing antinionious chloride with a concentrated solution of nitric 
acid, and then diluting the solution with water. A white powder, approxi- 
mating SbgOs.OHgO, is formed. The freshly prepared hydrated oxide, 
SbaOs-bHaO, dissolves more quickly than the aged hydrate. The solution 
depo»sits a white powder, approximating Sb205.4H20, on standing for some 
time. Both hydrates pass into the ortho-acid, H3Sb04, after standing 
o\^er concentrated sulphuric acid in a desiccator for some time. At 200 °, 
the ortho-acid passes into the pyro-acid. The corresponding salts are 
not known. 

Pyro-antimonic acid, H4Sb207, can be prepared as just stated ; and 
also by the action of nitric acid on antimony at 100 °. The acid obtained 
by the latter reaction is not constant in composition, for it is probably a 
mixture of ditoent antimonic acids. The pyro-acid can he most easily, 
made by the action of hot water on antimony pentachloride : 2SbCi5 -f 
7H3O == lOHCl -f H^SbgO^. The precipitate is dried at 100 °. The 
pyro-acid, at 306 °, is said to lose water and pass into meta-antimonic acid, 
fiSbOa — sometimes called antimonic acid— pyro-antimonic acid, by the 
way, is sometimes erroneously called “ meta-antimonic acid.” The 
graphic formulae of the arsenic and antimonic acid^ probably resemble 
those of the corresponding phosphoric acids. 

Naming the antimoni? acids.-— There is some confixsion in the nomenclature 
of the antimonic acids. Fashion has been stronger than system, Strictly, the 
unknown acid, Sb(OH)j^, should be called “ ortho -antimonic acid,” but, as in the 
case of the phosphoric acids, the first dehydration 'product stable at ordinary 
temperatures, HsSbO^, is called “ ortho -antimonic acid.” In conformity with the 
notation adopted for the phosphoric and arsenic acids, the next dehydration 
product, H^SbgOy, is called “.pyro -antimonic acid,” and the next dehydration 
product, HSbOa, meta-antimonio acid.” E, Fremy, who first made sodium 
pyroantimoniate, KajjH2Sb207.6H2P, called it “ sodium meta-antimoniate,” and 
the correapondhig acid, ” meta-antimonio acid,” to distinguish it from 

antimonic acid.” It is best to keep to the uniform system already in use for the 
arsenic and phosphoric acids. 

Antimony pentoxide, Sb^Og.' — When antimonic acid is heated to bet ween 
300 ° and 400 °, antimony pentoxide, Sb20{5, is fo.rmed ; this begins to decom- 
pose at 440 °, giving antimony tetroxide, Sb^O^, the decomposition is com- 
plete at 750 ° or 800 °. Antimony pentoxide is a straw yellow powder, 
almost insoluble in water. When moistened with water, however, the 
moist mass reddens blue Htmm Antimony pentoxide dissolves in con- 
centrated hydrochloric acid fprihihg a liquid which has oxidizing properties. 
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For instance, it decom]3oses potassium iodide witll the separation of iodine ; 
SbgOs + 4KI + lOHCl - 2SbCl3 + 4 K:Ci + 21^ -f If the meta- 

acid be allowed to remain for a long time in contact with water, it forms 
ortho»antimonic acid, HgSbO^. 

Antimoniates. — All the aiitimomc acids give antimoniates vdien 
treated with an aqueous solution of potassium hydroxide. The normal 
ortho-antiinoniates have not been prepared, but primary salts are known. 
The' oxide . Sb204 can be regarded .as. antimonous 'orthoaiitiino.iiiate, 
Sb{Sb04). Numerous salts of pyro- and meta-antimonic acids have been 
prepared. Potassium pyro-antimoniate, K4Sb20 7, is best made by adding 
powdered antimony in smal quantities at a time to four times its ^veight of 
fused nitre, KNO3. The fused mass presumably contains potassium ortho- 
antimoniate, KgSbO^., but when the cold mass is washed with w^ater, the 
ortho-salt is decomposed forming potassium pryo-antimoniate, K4Sb207, 
and the addition of more water, or by rapid boiling, the salt is gradually 
changed into the acid salt: potassium dihydrogen pyro-antimoniate, 
K2ll2Sbg07.6Il20, as granular powder sparingly soluble in cold water, 
but fairly soluble in hot water. The solution of this salt is used as a 
test for sodium salts with which it gives a precipitate of sodium dihy- 
drogen pyro-antimoniate, Na2H2Sb207.6H20. On boiling potassium 
dihydrogen pju-o-antimoniate for a long time with an excess of water, it 
gradually passes into potassium dihydrogen ortho-antinioniate, 0 -■ 
Sb{OK){OH)2. which is obtained as a gelatinous precipitate 2KH2Sb04.H20 
on evaporation of the solution. By further boiling, ortho-antimonic 
acid is formed. All the antimoniates are decomposed by acids giving 
antimony pentoxide. 

Antimony tetroxide, Sb204, — ^When antimony trioxide is heated in 
air, it appears to smoulder, forming antimony tetroxide, Sb204, which is 
yellow when hot, and white when cold. The pow^der is almost insoluble 
ill water. The same oxide is formed when antimony pentoxide is heated 
to a red heat ; the dissociation pressure is about 950 °. Some consider tlie 
tetroxide to be antimonyl metantimoniate, SbO.SbO^ ; others, antimony 
ortho-antimoniate, Sb.Sb04, It forms salts, ejj. potassium hypoanti- 
moniate, K2Sb20g, or K20.Sb204, when fused with potash. Hence, 
antimony tetroxide is generally considered to be the anhydride of an un- 
known acid, hypoantimonic acid— HgSfogOg. It is used as an oxidizing 
agent. 

§ 11 . Bismuth Pentoxide, Bismuthic Acids, 

If chlorine be passed into a boiling aqueous solution of potassium 
hydroxide in w’'hich bismuth trioxide is suspended, a dark chocolate-brown 
precipitate is formed : BigOg + KOCl ~ KCi + Bi204. The precipitate 
is washed with water, dilute nitric acid, and dried at 180 °. The precipitate 
appears to be a mixture of bismuth pentoxide, BigOg, with bismuth te- 
troxide, Bi204.2H20. The gimter the excess and concentration of the lye 
the greater the yield of tetroxide. The tetroxide, more or less contaminated 
with other oxides, is formed when the trioxide is oxidized with potassium 
ferricyanide in alkaline solutions. In some respects the oxide, Bi204, 
resembles antimony tetroxide ; but the mode of formation and the general 
properties of the tetroxide resemble those of lead dioxide. TOien heated 
above 200°, bismuth tetroxide decomposes into the trioxide, Bi203. If 
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the current of chlorine gas be continued until the precipitate becomes 
>scariet red, the washed precipitate has approximately the composition 
KBiOg — potassium metabismuthate, corresponding with metablsmuthic 
acid, HBiOg. This appears to be rather a feeble acid. The salts are 
decomposed by water. Potassium bismuthate, KBiOg, is also formed as 
a dark red deposit on the anode when an almost boiling hot solution of 
potassium hydroxide (specific gravity 1‘43) and potassium cliloride in 
%vhich bismuth trioxide is suspended, is electrolysed in a piatiniim dish. 
If the precipitate he washed and boiled for a short time in dilute nitric acid, 
scarlet red meta-bismuthic acid is obtained. The ortho-bismuthates are 
not known, but the oxide Bi204 can be regarded as hismuthous orthobis- 
muthate, Bi{Bi04). When heated between 100° and 120°, bismuthic acid 
loses its water and some oxygen, and is said to form a little bismuth 
pentoxide, and the colour changes from red to dark brown. When 

heated to a higher temperature, bismuth trioxide is formed. The dark 
brown mass su&enly turns deep red at about 300° owing to the formation 
of a third modification of ordinary bismuth trioxide. Bismuth tetroxide 
is sometimes considered to be a basic salt of bismuthic acid, BiO.BiOg, 
where BiO is supposed to be a monad radicle. The graphic formula usually 
assigned to the bismuth oxides are : 

0=Bi>® §>Bi— O— Bi<§orO>Bi— 0— Bi=0 g>Bi— OH 

Bismuth Bismuth pentoxide. Bismuth tetroxide, Bismuthic 

trioxide, acid. 

Bismuth pentoxide is an unstable brown powder formed as indicated 
above. W ith hydrochloric, and the oxy-acids, bismuth pentoxide furnishes 
bismuth salts and chlorine or oxygen, thus behaving like antimony pent- 
oxide, and both behave as if they were basic peroxides. If a solution of 
the so-called bismuth pentoxide in 60 per cent, hydrochloric acid be added 
drop by drop to ice-cold W-sodium hydroxide, the yeUow precipitate 
contained 95 to 98 per cent, of its bismuth in the quinquevaient form, and 
the equivalent of one molecule of sodium hydroxide. W^hen neutralized 
with ice-cold 15 per cent, nitric acid and washed rapidly by decantation, 
a reddish-brown precipitate containing the equivalent of 98 per cent, of 
bismuth pentoxide is obtained, which when treated with 15 per cent, 
sodium hydroxide furnishes yellow sodium bismuthate. This shows that 
the higher oxides of bismuth have acidic properties, although the red 
product formed by the oxidation of bismuth trioxide in the presence of 
potassium hydroxide as discussed above has no acidic properties, 

§12. The Sulphides of Arsenic, Antimony, and Bismuth, 

Arsenic trisulphide, AS2S3, — ^This sulphide occurs in nature as the 
mineral orpiment — a term derived from the Latin auri pigmentuni^ golden 
paint. It is employed as a pigment under the name King\s yellow* 
Arsenic trisulphide is formed when powdered arsenic and sulphur are heated 
together in the proportions indicated by the formula, AsgSg ; and it is also 
precipitated as a canary-yellow solid when hydrogen sulphide is passed 
into a solution of an arsenious salt nidified with hydrochiorie acid (p. 757), 
The same remarks Bppplj, to antimony trisulphidej 
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a brick-red powder; and to bismuth trisuiphide, 
BigSg, precipitated as a dark brown powder. These sulphides can be 
fused, and on cooHng a brittle crystalline mass is obtained. When heated 
in air, they are oxidized to the corresponding trioxides. A inixtine of 
antimony trisulphide and trioxide, the so-called henms, used in 

medicine, is made by boiling antimony trisulphide with sodium carbonate. 

Thioarsenites and thioantimonites.— Antimony and arsenic sulphides 
are soluble in the alkali hydroxides, ammonium carbonate, and allmli 
sulphides, whereas bismuth sulphide is . practically insoluble in these 
reagents. Similar remarks apply to the effect of these reagents upon the 
oxides of these elements. Curiously enough, a compound labelled ‘‘ in-' 
soluble ” in a given reagent often dissolves to a certain extent if another 
soluble compound be present, and some uncertainty is often introduced 
in analytical processes if this fact be ignored. Bismuth sulphide is 
soluble in concentrated sodium sulphide, but is reprecipitated on dilution. 
Unstable compounds of bismuth sulphide with the alkalies can be obtained 
by fusing the two substances together. With the alkaU sulphides, arsenic 
trisulphide forms compounds called thioarsenites, which may be ad- 
vantageously regarded as salts of an hypothetical ortho-thioarsenious 
acid, HgAsSg, or As{SH)3 : AsgSg 4- 3(brH4)2S == 2As(S]SrH4)3 ; and, as 
in the case of the analogous oxy-acids, salts of the hypothetical pyro- 
thioarsenious acid, H4AS2S5 ; and meta-thioarsenious acid, HAsSg, 
have been prepared. The thioarsenites of the alkalies, alkaline earths, 
and of magnesium are soluble in water, but decompose on boiling. The 
solutions are also decomposed by acids with the evolution of hydrogen 
sulphide, and' the re-precipitation of arsenic trisulphide. Hydrogen sul- 
phide wiR not precipitate arsenic sulphide from the normal arsenites, and 
it is only partially precipitated from the primary and secondary arsenites, 
because soluble thioarsenites are formed. If sufScient acid be present 
to prevent the formation of the soluble arsenites, precipitation is complete* 
"When arsenic trisulphide is dissolved in an alkaline hydroxide, both 
arsenite and thioarsenite are formed : 2AS2S3 + 4 KOH = SKAsSg + 
KAsOg + 2H2O, Similar results apply to antimony sulphide in which 
case thioantimonites are formed. 

Arsenic disulphide, AsgSg, is found in nature as the mineral realgar ; 
and it can be made by heating together sulphur and arsenic in the right 
proportions, or by heating arsenic sulphide with arsenic ; or arsenious 
oxide and sulphur ; or distilling a mixture of iron pyrites and arsenical 
pyiites. Arsenic disulphide is a red brittle vitreous or crystalline solid, 
it fuses at 307 ® and sublimes unchanged. Heated in air it burns with a 
blue ffame forming sulphur dioxide and arsenic trioxide. It is used in 
pyroteohny ; for instance, in the manufacture of the so-caiied “ Bengal 
fire,” which is a mixture of realgar, sulphur, and nitre. 

Arsenic pentasulphide, AsgSg, can be made by fusing together arsenic 
trisulphide and sulphur in the right proportions. It is precipitated when 
a rapid stream of hydrogen sulphide is passed through a cold solution nf 
arsenic acid containing a large excess of hydrochloric acid, or through a 
strongly acidified solution of a soluble arsenate. Both arsenic tri- and 
pentasulphides are reduced to the disulphide , by an hydrochloric acid 
solution of stannous chloride : AsgSg + ShClg ■+ . 2 HCi = SnCi4 HgS 
4-AS2S2* This explains the formation of the red precipitate which 
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occurs in the detection of arsenic in the presence of tin. The reduction 
is not effected by the lower cldoride of arsenic, antimony, phosphorus, 
iron or chromium. Antimony pentasuiphide, Sb2S5, is made by the action 
of hydrogen sulphide on a mixture of antimony pentaehloride with a little 
water. Arsenic pentasuiphide, AsgSg, is citron yellow ; antimony penta- 
suiphide, SbgSs, is reddish yeUow ; and bismuth pentasuiphide, BigSs, is 
black. Antimony pentasuiphide was once used medicinally and in 
veterinary work. It is used to-day in the manufacture of matches, and in 
\micanizing rubber to which it imparts a red colour. 

Thioarsenates and thioantimonates. — Like the corresponding tri- 
sulphides, arsenic and antimony pentasulphides dissolve in alkali sulphides, 
producing in the one case thioarsenates ; and in the other, thioantimonates. 
With the ahiali hydroxides, a mixture of the arsenates or antimonates 
with thioarsenates or thioantimonates. Crystals of ammonium thio- 
antimonate have been made by heating antimonite u'ith red ammonium 
sulphide in a sealed tube for some days and then treating the solution with 
alcohol. The free thio-acid is liberated by acidifying the solution of the 
thioarsenate or thioantimonate, but the thio-acid decomposes at once with 
the precipitation of the pentasuiphide, Saits of ortho-thioarsenic acid — 
say, K3ASS4 — ^pyro-thioarsenic acid — ^K4As2S7 — and meta-thioarsenic acid 
—say, ICASS4— have been reported. Similar remarks apply to the 
thioantimonic acids. Bismuth pentasuiphide does not exhibit the acidic 
properties shown by the corresponding antimony and arsenic compounds. 
Schiippe’s salt, sodium ortho-thioantimonate — Na3SbS4.9H20 — ^is one of 
the best known thioantimonates. It is formed, along with sodium 
meta-antimonate, w^hen antimony trisulphide is boiled with sulphur and 
sodium hydroxide : 4Sb2S3 + 8S + ISNaOH = 5Na3SbS4 -j- 3JN’a8b03 
+9H2O, There is a secondary consecutive reaction in which sodium 
thiosulphate is formed : 6NaOH -j- 4 S = 2Na2S + Na2S203 + 5 

this is accentuated if the constituents be mixed and the solution boiled. 
The sodium thiosulphate ultimately converts the antimony sulphide into 
Schlippe’s salt, but the time required is much greater than when the process 
is conducted as indicated above. Schiip|)e’s salt crystallizes in colour- 
less tetrahedra. The salt is decomposed by acids, depositing antimony 
pentasuiphide. The crystals on exposure to air become covered with a 
yellowish-red crust of antimony pentasuiphide owing to the action of the 
carbon dioxide in the atmosphere. 

The action of hydrogen sulphide on arsenic acid. — ^The pre- 
cipitation of pure arsenic pentasuiphide from an acidified solution of arsenic 
acid is almost impossible because some arsenic trisulphide is formed at 
the same time. Concentrated hydrochloric acid in the cold favours the 
separation of the pentasuiphide. If hydrogen sulphide be passed into a 
cold solution of arsenic acid, the separation of the trisulphide is very slow"— 
over twenty-four hours are sometimes needed for the complete precipita- 
tion of the arsenic as trisulpliide. The liquid remains clear for some time ; 
then becomes turbid ; and finally arsenic trisulphide, mixed with more or 
less pentasuiphide, is precipitated. Solutions containing arsenious acid 
react with hydrogen sulphide at once, but with solutions containing arsenic 
acid, it is supposed that three consecutive reactions occur : 

( 1 ) The slow formation of a thioarsenic acid, HoAsSOo, thus : H^S + 
H^AsO^^ =« H2O + H3ASSO3. V'- ; . ■ " 
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(2) The reduction of the thioarsenic acid, HgAsSOg, to arsenious acid, 
H^AsOg, with the separation of sulphur ; HgAsSOg = HgAsOg + S. 

(3) The decomposition of the arsenious acid by the hvdromi sulphide : 
SHgAsOg f ms = 6H2O + AS2S3. 

The initial and final stages of the reaction are represented by the 
equation : 2 H 3 ASO 4 -l-.SHaS ==:2S + 8H3O + AsgSg. ' The rate of pre- 
cipitation of the arsenic trisulphide is determined by the rate of reduction 
of the arsenic acid to arsenious acid, by the hydrogen sulphide. If the 
solution be heated, the decomposition of the tlaoarsenic acid is accelerated ; 
but for the rapid precipitation of arsenic trisulphide it is best to reduce 
the arsenic acid to arsenious acid rapidly by boiling with sulphurous acid 
before the hydrogen sulphide is used, and not to throw the work of reduc- 
tion on the slower reducing agent — ^hydrogen sulphide. The oxygen atoms 
of arsenic acid, HgAsO,^, are gradually replaced by sulphur atoms forming 
the sequence : 

H3ASO4 HgAsSOg HgAsSgOg H;3AsSgO H3ASS4 

and the latter then dissociates into hydi’ogen sulphide and arsenic penta- 
sulphide ; 2 H;jAsS 4 ^ As^S^ -f- 3HgS. 


§ 13. The Nitrogen Family of Elements. 

The properties of the group of elements — nitrogen, phosphorus, arsenic, 
antimony, and bismuth — just considered^ .“show a gradual transition from 
non-metailic nitrogen to metallic bismuth. The apparent chemical 
inactivity of nitrogen is in strilcing contrast with the activity of phosphorus, 
and the volatility and insolubility of the oxides and acids of nitrogen are 
in equally striking contrast with the corresponding compounds of phos- 
phorus. The identity of the empirical formulae of these compounds does 
not necessarily imply that they have analogous constitutional formuise ; 
in fact, we are sure that the oxides are not alike in constitution. The 
relationship of the physical properties of the elements is best sho^vn by 
arranging them in tbe order of their atomic weights, when the gradual and 
regular difference between the properties of successive elements is made 
■elear:— ■ ' ' . ' ' ■ 


Table X.LVI.~~-Profeeties op the Nitrogen -Phosphorus Family, 



Nitrogen. 

Phosphorus. 

Arsenic. 

Antimony, 

Bismuth. 

Atomic weight 

14*01 

31*0 

75*0 

120*2 

208 

Specific gravitj^ . 

1*026 

l*82-2*3l 

4*69-5*73 

6*62 

9*78 

Atomic volume . 

13*7 1 

about 15 

13 to 16 

18 

21*3 

Melting point , 

-214° 

44° ■ 

[4S0°] 

629*2® 

270° 

Boiling point , 

-193° 

287° ' ■! 

[8171° 

1 440° 

1435° 


The gradual transition of non-metals into metals with increasing atomic 
weight is brought out very clearly in this family group. The changes in 
the melting and boiling points are not so regular as the other properties, 
but this may be related to the fact that phosphorus, arsenic, and antimony 
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liaYe four-atom molecules, whereas bismuth, like nitrogen, has probably 
a two-atom molecule. The heat of combination of the difl^erent elements 
with hydrogen shows a somewhat similar gradation : NHg, + 12 Cals. ; 
PHg, 4- 4*9 Cals. ; AsHg, — 44*2 Cals ; SbHg, ~ 86*8 Cals. Ammonia 
is a relatively strong base, phosphine a feeble base, w'hile arsine and stibine 
do not show basic qualities. Hence, as the atomic weight increases, the 
basicity of the hydride decreases. This is shown by the formation of the 
ammonium and phos|>homum salts, and the non-existence of the arsenicum 
and stibium compounds. The resemblances betw^een nitrogen, phosphorus, 
arsenic and antimony as foreshadowed by the similarities between their 
trihydrides is accentuated by a comparison of the compounds N(C2H5)3, 
P(C2H5)3 , As(C 2H5)3, Sb(C2H5)3, and the analogy becomes still further 
pronounced in comparing N(C2H5)40H, P(C2H5)40H, As(C2H5)40H, 
Sb(C2H5)40H,for these bodies are so surprisingly similar that they are almost 
indistinguishable from one another. As Hofmann and Cahours have said 
(1857) : They might moreover be confounded with potassium or sodium 

hydroxide, by which they are scarcely surpassed in alkaline power. Only the 
deportment of their hydrated oxides under heat enables the derivatives of 
phosphorus, arsenic, and antimony to be distinguished from those of nitro- 
gen. The latter is the most stable,” YTiile phosphoric oxide is volatile 
and stable, the corresponding pentoxides of arsenic, antimony, and bismuth 
are resolved by heat into the corresponding trioxides and oxygen. Phos- 
phorus pentoxide yields a whole series of polybasic acids, but nitrogen 
pentoxide gives but one monobasic acid, HNOg ; the con-esponding salts 
are also in strong contrast, for the nitrates are nearly all soluble in water, 
while the normal, pyro-, and metaphosphates are nearly always sparingly 
soluble. Similarly with the trioxides, strict analogy is absent. The oxy- 
aeids diminish in strength during the passage from nitric to phosphoric, 
to arsenic, to antimonic, to bismuthic acid. The acidic properties of the 
oxides likemse diminish from the strongly acid nitrogen and phosphorus 
acids to the feebly acidic oxides of arsenic, antimony, and bismuth. The 
basic property first appears with arsenic and becomes stronger during the 
passage to antimony and to bismuth. The trichloride of nitrogen is very 
unstable, while with bismuth the trichloride is quite stable. The boiling 
points of the trichlorides increase with increasing atomic weights of the 
elements, thus ; NCI3 boils at 71^ ; PCI3, ; AsClg, 130*2° ; SbClg, 200° ; 
and BiCig, at 447°. The halogen compounds of nitrogen and phosphorus 
are completely hj^-drolyzed by water ; arsenic trichloride is also hydrolyzed 
by water, but it can exist in solution in the presence of hydx'ochloric acid. 
Antimony and bismuth halides are incompletely hydrolyzed by water. 
The study of the progressive changes in the properties of these elements 
could be developed much further, but sufficient has been indicated in what 
precedes to emphasize the family resemblances. 


§ 14. Vanadium, Niobium or Columbium, and Tantalum, 

yansdium,: V Columbium, Ob Tantalum, Ta 

Atomic weights 51'06 : 93*5 181 

The three elements — vanadium, y, Columbium, Cb, and tantalum, Ta — 
have many properties which relate them with the nitrogen family. The 

’ '' ' ■ ’■ '' ' , , , 
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physical and the chemical properties of the three elements have a family 
likeness. With the physical properties : 


Table XLVII. — Pbopebties of the Vanadium Family. 



Vanadium. 

Columbium, 
or Niobium. 

Tantalum, 

Atomic weight . . ' , 

61*06 

93*6 

181 

Goloui’ . . . . 

Silvery metal 

Steel grey metal 

Iron grey metai 

Specific gravity 

,, 5*6 

. : 7*0,6 J 

: '8 ■ 

Atomic volume 

9*3 

T3*3 

23 

Melting point . . 

1730'^ 

1.960° ■ ' ' ■ 

2850° 


The relations of these elements with the nitrogen family are often 
emphasized by the scheme shown in the margin below, where the hyphen 
represents a supposed element not yet discovered. 

History of vanadium.*— Dei Rio, in 1801, expressed the opinion that 
a Mexican ore which he analyzed contained a new metal which 
he called “ erythronium — ^from the Greek (erythros), 

red — because it furnished red salts when treated with acids. 1 
Del Rio abandoned his opinion when Coliet-Descostils, four P 
years later, claimed that the supposed new metal was an v^\ 
impure chromium oxide. In 1830 N, G. Sefstrdm described i As 
a new mineral which he found in some Swedish iron ores, and i, 

suggested for it the name “ vanadium ’’—from “ Vanadis,” a i 

Scandinavian goddess. Immediately afterwards, P. Wohler, } — 

1831, established the identity of Sefstrom’s “ vanadium ’’ with Ta 1 ^ 

Dei Rio’s “ erythronium.” F. Wdhler had also found some- 
thing strange in a Mexican lead ore from Zimapan, before 
Sefstrom’s announcement, and put it aside for future examination. As 
Berzelius expressed it : 

In the far north, there lived a goddess Vanadis, as beautiful as she was 
gracious. One day there came a knock at the door. The goddess was in no hiyry 
and thought, “ They can knock again *’ ; but there came no further knocking, 
for he who knocked had passed on. The goddess wondered who it could be wdio 
cared so little to be let in and ran to the window and recognized the departing one 
in the person of Wohler. Some days afterwards some one else knocked repeatedly 
and loud. The goddess opened the door herself to Sefstrdm, and vanadium was 
discovered. 

J. J. Berzelius, 1831, investigated vanadium, and lie appears to have been 
under the impression that the oxide VO was the metal itseK. H, E. Roscoe, 
in 1867, isolated the metal and established its relationship with the nitrogen 
family of elements. 

Vanadium. — Vanadium occurs in a few minerals, e,(j, vmmdinite or 
mnadite, Pb5(V04)Cig, which is isomorphous withpi/romorp/it^e, 3Pb3(P04).2- 
PbClg, or Pb5(P04)3Ci ; and the corresponding arsenic compound, 3Pb^- 
{As04)2.PbCl2, or Pbg{As04)3Cl ; mrnotiU ; roscoelite ; patronite ; etc. 

Most of the vanaium of commerce is extracted from vanadinite of the ; 
Peruvian Andes which contains 8-21 per cent, of VgOg. Carnotite is a 
yellow potassium uranyi vanadate. It is used for the extraction of 
radium and it is purchased on its radiuin content. Most of this ore comes 
from 8. W. Colorado. BoscoeliU is a vahadiferous mica ; oxid. patronite is 
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an impure vanadium sulpMde. The ashes of some Peruvian coals are 
said to contain up to 48 per, cent., of vanadio oxide, and some vanadium is 
extracted from those ashes. Small quantities occur in iron ores, and traces 
occur in many British fireclays and in granitic rocks. When the ores are 
fused with sodium nitrate, sodium vanadate is formed. This can be ex- 
tracted with water. When the solution is treated with an ammonium salt, 
an orange-coloured ^precipitate of ammonium meta- vanadate, is 

obtained. When this salt is heated, vanadium pentoxide, more or less 
impure, remains. To extract vanadium from ores decomposed b^^ acids, 
boil the ore with dilute sulphuric acid (1:1), and add ammonium persul- 
phate to the solution. Red vanadium hydroxide is precipitated on pro- 
longed boiling, and thus gives a fairly pure oxide on calcination. W. von 
Bolton (1908) made coherent rods of vanadium, niobium, and tantalum 
by moidding small rods of carbon, paraffin, and the pentoxide, and baking 
them at high temperatui'es. The rods were then heated by passing a 
moderately strong current through them in vacuo. The metal is also 
obtained by reducing the chloride with hydrogen. Vanadium pentoxide 
can be fused without decomposition, and it behaves in solution as a weak 
acid forming a series of salts : meta-, pyro-, ortho-, tetra-, and hexa- 
vahadates. These salts are isomorphous with the corresponding phos- 
phates and resemble nitrogen in forming several oxides, Vanadic acid and 
its salts are reduced by hydrogen sulphide to by sulphur dioxide, 

to VgOgj and by zinc and acid, to V-P^* Vanadium salts of the. 
difierent oxides are coloured as indicated below : 

Salts of . VaO or- VO VgOg or VOg VaOg 

Colotir , — laveaider green blue orange or yellow 

The basic properties of vanadium oxides become less and less pronounced 
as the proportion of oxygen increases. The higher oxides exhibit acidic 
as well as basic properties. The element also forms a series of chlorides : 
VClg, VCig, and VCli. The existence of VClg is doubtful There is also 
a series of vanadyl compounds or oxychlorides — (VOlgCl, VOCl, VOCIg, 
and VOClg. Unlike nitrogen and phosphorus, vanadium is undoubtedly 
a metal. As in the case of phosphorus, the metal, if heated to a high 
temperature, burns to the pentoxide, VgOg, A sample of the metal between 
97 and 98 per cent pmity melted at 1720®. 

Vanadium is used in making special steels because very small quantities 
of vanadium modify the properties of steel by increasing the hardness and 
malleability of the metal. The addition of a half per cent of vanadium, 
for instance, raised the tensile strength of a sample of steel from 7 1 to 13 
tons per square inch. The high tensfie strength and elasticity of vanadium 
steel has led to its use for motor vehicles, etc. The so-called ferro- 
vanadium is a special aUoy of iron rich in vanadium made to facilitate the 
alloying of definite amounts of vanadium with the molten steel. V anadium 
pentoxide is used as a substitute for gold bronze j as a photographic 
developer, for making black anOine dyes, etc. 

History of niobium and tantalum.-— In 1801 0. Hatchett analyzed 
some chi-omium minerals from Connecticut, and found an eaith hitherto 
unknown. He named the mineral ^^coiumbite,’* after the place of its 
origin, and the element was desi^ated columbium/’ A year later, 1802, 
A» G. Hkeberg found a neyr Anient iti some Finnish minerals resembhng 
' columbite.' To this he gaye the-''nTO6 tantalum/* from ^‘Tantalus** 
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:Of Grecian in' allusion to'tlie ‘‘"tantalizing” difficulties he 

encountered in; dissolving the' mineral in acids.' In 1844 H, Bose noticed 
two , new elements ill a sample , of columbite from. Bodenmais : one, 
tantalum,, is similar .to; Ekeberg’s tantalum; and the other has been 
'called “ niobium,” from Niobe, the mythological daughter of Tantalus. 
Hatchett's “ coiumbium' ” was probably a mixture of - both tantalum and 
niobium. The term “ coiumbium ” is often applied to Bose’s niobium. 

Niobium, Nb, or coiumbium, Cb, and tantalum, Ta.— These . two 
elements are found associated in the isomorphous minerals tantalite, 
I'eCTaOa)^; and columbite or Fe(]Sfb 03 ) 2 * ox both of the 

elements occur in several rare earths—monazite, and yttrotantaiite — ^and 
also ill tinstone, pitchblende, wolfram, and many other minerals, Golum- 
bium forms a mono-, di-, and a penta-oxide ; and tantalum a di- and a 
penta-oxide. Coiumbium forms both a tri- and a penta-oliloride* while 
tantalum forms the penta-chloride. Both elements exhibit feeble base- 
forming qualities, and their chief compounds are the niobates and the 
tantaiates. The elements are produced when the chlorides are reduced 
in a current of hydrogen. Tantalum forms a series of complex salts with 
alkaline fluorides. Thus, KgTaFy is formed in rhombic needles when a 
solution of tantaiic acid in hydrofluoric acid is treated with potassium 
fluoride. The sparing solubility of this salt in hydrofluoric acid enables 
tantalum to be separated from niobium. Coiumbium metal melts at about 
1950®, tantalum about 2300°. The metal tantalum is used as a fliament 
in incandescent electric lamps — “ tantalum lamps. ’ ’ These lamps resemble 
the ordinary carbon fliament lamps, but contain a filament of tantalum 
wire arranged zigzag and supported on small hooks. 

Didymium or rather praseodymium (Pr) and neodymium (Nd) members 
of the rare earth series iq*v,), probably belong to this family, and lie between 
Coiumbium and tantalum-. Comparatively little is known about these 
elements. ' 

Questions. 

1. fState what \rould be observed, and the nature of the changes which ocoui*, 
in each of the following cases {equations not required) ; {a) when phosphorus 
trichloride is added to a considerable volume of water ; (6) when bismuth tri- 
chloride is added to a considerable volume of water ; (c) when a hot acid solution 
of potassium permanganate is treated with hydrogen sulphide ; (d) when an 
alisailn© chromite solution (as KCrOo, a salt derived from CrgOs) is treated with 
sodium peroxide and conveited into a salt derived from CrOg . — Massachmetta 
Inst. Technology, U,8.A. 

2. Compare the hydrides of nitrogen, phosphorus, arsenic, antimony,— 
Pennsylvania, U.S,A, 

3. Describe carefully the preparation of gaseous hydride of phosphorus and 
compare its properties with those of the corresponding hydrides of nitrogen and 
arsenic. — Sheffield. Univ. 

4. What are the chief sources of white arsenic How can this substance be 
converted into (a) arsenic acid ; (b) Scheele’s green j (c) arsenuretted hydrogen_ ? 
By what property can arsenuretted hydrogen be distinguished from ammonia 
and from phosphine ? — London Univ. 

5. Arsenious acid is less soluble in normal hydrochloric acid than in pure 

water, and increase in the concentration of the acid leads to a further diminution 
in the solubility of the oxide until, when the concentration of the acid reaches 
3*2 normal, the solubility of the arsenious acid becomes a minimum, the solubility 
afterwards rising as the concentration of the a-eid is stiE further increased* Discuss 
and explain these results. — St. Andrews Univ, ' - ; ; , , ■ 

6. Discuss the following changes and sitggest explanation applicable to 
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both of them ;—(a) when coucentrated hydrochloric acid is mixed with concen- 
triited brine a precipitate is formed which disappears on the additioir of -water • 
(b) when water is mixed with bismuth chloride solution, a precipitate is formed 
which disappears on the addition of concentrated hydrochloric acid. — London Univ, 

7. Which of the elements are to be regarded as most similar^ to nitrogen ? 
Indicate the grounds on which your answer is based. — Aberdeen Univ, 

8. Why are phosphoric and arsenic acids regarded as “ tribasic acids ” when 
they yield salts such as those of the formul£eNa 2 HP 04 , and Na 3 HAs 04 , on neutrali- 
zation ^rith sodium carbonate ? Formulate meta-, ortho-, and pyrophosphoric 
acids in accordance -with {a) the old dualistic theory of the composition of acids 
and salts ; and (6) the modern theory. What facts apparently justify the latter ? 
’‘—‘London Univ, 

9. In what forms does arsenious oxide exist ? "What happens when the oxide 
is [a) introduced into an apparatus in which hydrogen is being generated ; (b) 
heated ; (c) heated with charcoal ; {d) heated with dilute nitric acid ? — London 
Univ. 

10. Describe the action of water (a) in small and (b) in large quantity on the 
chlorides of phosphorus, arsenic, and antimony. — Board of Educ. 

11. How is arsenic obtained ; and how would you prepare arsenic chloride, 
arsenic trioxide and arsenic acid from arsenic ? W^'hat are the more characteristic 
properties of these substances ? — Board of Educ, 

12. A white salt is found to dissolve readily in water. The usual reagents 
produce no change in the solution, which has a slightly alkaline reaction. It 
imparts a soft lilac colour to a Bunsen’s flame, fusing without other visible change. 
With platinic chloride it gives a yellow, quickly subsiding, precipitate. With 
barium chloride the solution gives an abundant white precipitate, but only -when 
rather concentrated. 'With silver nitrate it gives a precipitate of a pink brown 
oolo-ur. After adding sulphurous acid and boiling for some mmutes, on testing 
-with hydrogen sulphide there is a bright yellow flocculent precipitate, 'What is 
the salt ? — New Zealand Univ, 

13. What is the evidence for the existence of antimony! and bismuthyl 
compounds ? Describe the preparation of an antimonyl compound from antimony, 
and of a bismuthyl compound from bismuth ; give briefly the properties of each ; 
and explain the reactions that occur when each is boiled -with sodium carbonate 
solution, — Punjab Univ, 

14. Why are the vapour densities of phosphorus, arsenic, cadmium, and mer- 
cury considered to be anomalous ? The molecular weight of nitric oxide being 
taken as 30, -what is the density of the gas compared with that of hydrogen ? — 
London Univ. 

15. Describe Marsh’s test for arsenic. If a mixture of arsenuretted and anti- 
monuretted hydrogen be passed into a solution of silver nitrate, decompositions 
occur which enable the arsenic and antimony to be separated and distinguished* 
Explain the reactions involved. — London Univ, 
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Boeon, Aluminium, and Eelateb Elements . . 

§ 1, Boric Acids and the Borates. 

Extraction. — Volcanic jets of steam (soffioni) at a temperature between 
90*^ and 120°, issuing from the fumaroles on the so-called Maremme di 
Toscana — or Tuscany Marshes — carry small quantities of boric acid. 
The steam condenses in lagoons (lagoni) of water which often suiTound 
the jets. The water of the lagoons becomes highly charged with the acid, 
and the boric acid can be obtained in a ciystalline condition by evaporating 
the water of the lagoons. Artificial lagoons for arresting the jets of steam 
were established in Tuscany in 1818 ; and artificial soffioni were bored 
in 1854. The natural heat of the steam is utilized in concentrating the 
water. The crude acid — called Tuscany acid — ^is contaminated with 
ammoniacal salts, etc., and it is coloured yellowish bro-wn. The crude acid 
contains about 82 ‘5 per cent, of boric acid, and it can be refined by dis- 
solving it in hot water, and mixing the solution with freshly ignited 
powdered charcoal. This removes the colouring matters. The clear solu- 
tion is then allowed to crystallize, and this is placed on the market as 
refined boric acid ” or “ refined boracic acid.” The water of the hot 
springs at Sulphur Bank and other places in Nevada and California is 
rich in borates. 

Action of solvents. — Boric acid crystallizes during the cooling of its 
hot aqueous solutions as white shining plates belonging to the triolinic 
system. When the aqueous solution is boiled, the acid volatilizes with 
the steam ; 100 grams of water at 100° dissolve 27*5 grams of H3BO3 ; at 
50°, 8 ‘8 grams ; and at 0°, 1*95 grams. Boric acid is more soluble in 
alcohol than in water. The alcoholic solution burns with a characteristic 
flame tinged with green, and in this way, 0*001 gram of boric acid can be 
detected in a solution containing 0*1 per cent, of the acid. The aqueous 
solution turns blue litmus claret-red ; and moist yellow* turmeric paper is 
coloured brown. Unlike the brown colour produced by alkalies with 
turmeric paper, the boric acid stain is not destroyed by acids. In a solution 
acidified with hydrochloric acid, 0*0001 gram of boric acid in a solution 
containing 0*01 per cent., will give a pink coloration when the paper is 
dried at 100° ; if too much acid be present, the stain wdll be brown, and if 
no acid be present, the colour does not show. 

Titration of boric add. — ^As is the case with carbonic acid, boric acid do 
not effect the colour of methyl orange. If phenolphthaiein be used as indi- 
cator, and the boric acid be titrated with sodiuffi hydroxide, the pink colour 
of the phenolphthaiein appears before aE thb boric acid is neutralized . This 
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is due to the hydrolysis of the aihaline borate, If nia/miite or glycerol 
(free from acid) is added to the solution^ the hydrolysis is preventedy hence 
the end point of the titration is reached when the red colour of the phenol- 
phthalein persists when more mannite is added. The reaction which 
occms during the titration is : NaOH -f- H 3 BO 3 = NaBOg -h 2 H 2 O, 

Action of heat. — Boric acid is a tribasic acid, and it has the ultimate 
composition HjjBOg, or B(HO) 3 . A solution containing 22*38 per cent, 
raised the boiling point of water i*90° ; hence, from the formula on 
p. 256, 5‘2 X 22*38 -f- 1*90 = 62*7. The theoretical number for H 3 BO 3 
is 62. Hence with boron tervalent, this acid is orthoboric acid, B(OH) 3 , 
If heated to 107°-i08®, orthoboric acid loses water and forms metaboric 
acid, HBOg, also mitten H 2 B 0 O 4 . 1*1 gram of metaboric acid dissolved 

in water lowered the freezin"^g point 0*490°, Hence from the formula on 
p. 259, 18*5 X 1*1 -T- 0*49 ~ 42*8, corresponding with the formula 
HBOg. If heated to i38°~140°, boric acid forms tetraboric acid, or the so- 
called" ‘‘ pyroboric acid,*’ H 2 B 4 O 7 : 4 H 3 BO 3 ~ 5 H 2 O + H 3 B 4 O 7 , When 
boric acid is heated to a still higher temperature — red heat it forms 
anhydrous boron trioxide, or boric oxide. The fused mass solidifies to 
a colourless transparent glass which absorbs moisture from the atmosphere, 
and becomes opaque, finally passing into boric acid. (Anhydrous silica 
does not combine directly with w’^ater.) Boric oxide volatilizes extremely 
slowly at a red heat. Sulphui-ic acid, it will be remembered, is not so 
strong an acid as hydrochloric acid at ordinary temperatures, but, omng 
to the more volatile nature of hydrochloric acid, the less volatile and weaker 
sulphuric acid is able to convert the chlorides into sulphates, as indicated 
previously. Similarly, in consequence of the non- volatility of boric acid 
at a red heat, it is able to decompose the compounds of the stronger acids 
with the bases and form borates ; BgO^ + 3 K 2 SO 4 ~ 2 B(OK )3 -f SSO^. 
Sulphuric and hydi’ochioric acids are much stronger than boric acid when 
competing for the bases in aqueous solutions, but at a red heat, the more 
Yblatile acids are driven ofi. 

Constitution, — The three boric acids are related by the empirical 
formulse : orthoboric acid, B 2 O 3 . 3 H 2 O ; pyroboric acid, B 2 O 3 . 2 H 2 O, 
metaboric acid, B 2 O 3 .H 2 O ; a,ud tetraboric acid, 2 B 2 O 3 .H 2 O. The rela- 
tionship is perhaps best sho^m by the graphic formuhe : 

OH HO— B:t=0 nw 

,B<OH or • OH 


>OH 

BfOH 

\OH 


0 < 


B, 


/OH 

OH 


HO- 


-B<q>B— OH 


\«^0 


'B<q>B— OH 


Orthoborio Pyroboric acid. 
acid,B(OH)3. H4B2O5, 


Metaboric acid, BO(OH) 
or H2B2O4. 


Tetraboric acid, 

H 2 B 4 O 7 . 

The meta- and pyro-boric acids pass to orthoboric acid in aqueous solution. 
While derivatives of the hydrates are known, only the ortho-acid can exist 
in solution for any length of time. 

Orthoborates.— The salts of orthoboric acid are unstable and few well- 
defined orthoborates are known. Magnesium orthoborate, Mg 3 (B 03 ) 2 , 
is one of the best known orthoborates. There is no doubt about the 
tribasicity of the acid, however, because the hydrogen of B(OH )3 has been 
successively replaced by organic radicles such as C 2 H 5 . Thus, ethyl 
orthobOfhte has ajapour densiiy^qbesponding with"B(OC 2 H 5 ) 3 . ^is 
latter compound is formed as a volitfle compound in the flame test 
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for boiic: . acid, . llie .miEcral asoJiarite^ MgHBOg, is magnesiiini 
iiydx’ortlioborate., - ' 

Metaborates»— ~T!ie metaborates appear to. be the most stable salts 
of ' boric, acid. Potassium' formS' a ■ metaborate, KBOo; and a series of 
■potassium acid borates— KBO^.HBOg^ or KHB.jOa ; and the KBO.,. 

mrn^.: ■ " ' 

Tetraborates or pyroborates. — ^These are also stable compounds. The 
best known is borax, jSragB.^O^.lOH^O. A series, of complex caiciuin and 
magnesium : borates occur in natui’e: CaB.407JH'20, tern 

Iquique ; horonatrocakite (ulexite), NaCaB^Og.SHaO, from Chili ; hamdie, 
^MggBsOig.MgGla, from the Stassfurt. deposits; pmidemiite, CasB^oO-jg# 
ISHgO, from Pandemia in Asia llinor ; colemanite CaoBeOji.oH^O ; etc. 

The borates nearly always contain w-ater of crystallization, and, 
excepting the ahsaJine borates, they are but slightly soluble in water. The 
borates are easily decomposed by water, and acidulated solutions of the 
borates give the flame and other reactions characteristic of boric acid. 
In some places boric acid is made directly from the native calcium borates 
by dissolving the mineral in hot hydrochloric acid and coliecting the 
crystals of boric acid which separate on cooling. The acid can also be 
made by the action of sulphuric or hydrochloric acid on borax. 

Boric oxide, like alumina, is an “intermediate oxide/’ for it has 
feeble acidic and feeble basic properties. As a weak acid it forms a series 
of salts — borates. Boric oxide also forms complex salts — ^boro-silicates — ■ 
with the metaliio oxides and silica, e.g. tourmaline. Boric oxide probably 
plays the same role in the boro -silicates as it plays in the boro-tungstateSj, 
and alumina in the alumino -silicates. Corresponding with the basic pro- 
perties of the oxide, unstable compounds like the acid sulphate, B{ 11804)3 • 
phosphate, BPO4, etc., have been formed. Most of the salts are hydrolyzed 
by water, dilute acids, and dilute alkaline solutions. 

Perborates. — ^When a mixed solution of borax and sodium hydroxide 
is electrolyzed, or treated with hydrogen peroxide, sodium perborate 
NaB03.4Hg0 is formed — ^possibly NaO — 0 — B =0 

or NaO— B<^ 

related to sodium metaborate NaO — B= 0 . The perborates act as 
strong oxidizing agents. Another form of perborate is illustrated by 
thailous perborate, TigB^^OY, formed by the action of hydrogen peroxide 
on a mixture of thallic sulphate and boric acid. It decomposes with the 
evolution of oxygen on warming. The graphic formula is possibly 

^ .0— 0— B— O— T1 
O— B>-rO— Ti 

The bleaching action of perborates is not attended by the deleterious 
effects on the fabrics attended by most other bleaching agents. The 
perborates are far less liable to deteriorate on storing than the peroxides, 
and hence the perborates are superior for many bleaching and disinfecting 
purposes, 

§ '2. Bor^. 

Manufacture. — Borax occurs as, a , natural deposit — iinoal — ^in the 
dried-up inland lakes in someparts pf Tadia* 5 ibe and California — the 
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“borax marsh” in the Saline yaHey. Native about 

55 per cent, of borax proper : Isra2B40 7,1 OH2O. This is extracted by 
lixiviating the mass with water, and evaporating the clear solution until the 
crystals separate. Before 1870, most of the borax used in Europe was 
made hy digesting a solution of boric acid with the proper amount of soda 
ash, whereas the borax now in commerce is usually made from native 
calcium borates. The higher grade ores run to the equivalent of 45 per 
cent, crystalline borax. The powdered mineral is boiled for hours in drums 
with a sh'ght excess of an aqueous solution of sodium carbonate. Calcium 
carbonate is precipitated as a “ mud ” : CaaBeOn + SNagCOs ^ SCaCO^ 
4- Na2B407 + 2NaB02. On crystallizing the clear solution, crystals of 
borax are obtained. Carbon dioxide is blown through the mother liquid 
to convert the sodium metaborate into borax : 4NaB02 4* OOg ^ NagCO^ 

Na2B407. The borax separates in fine crystals, leaving sodium carbon- 
ate in the solution. The residual “ mud ” is compressed in a filter press to 
remove the soluble matters it contains. 

The action of water. — 100 grams of water at 10° dissolve T6 grams 
of borax, ]Sia2B407 ; at 50°, 10*5 grams ; and at 100°, 52*5 grams. The 
aqueous solution has a feebly alkaline reaction owing to hydrolysis. In 
concentrated aqueous solutions; Na2B407 4 SHgO ^ 2]S[aB02 + 

BO3 ; and on further dilution, hydrolysis may be practically completed : 
NaBOg + 2H2O ^ NaOH -f H3BO3. If a saturated solution be allow'ed 
to crystallize above about 62°, octahedral crystals of the pentahydrate, 
Na2B40 7. 5H2O, separate ; and if the temperature be below this transition 
point ordinary monoolinic crystals of the decahydrate, Na2B407.10H20, 
are obtained. 

Titration of borax, — A dilute solution of borax may be titrated with 
standard hydrochloric acid until all the soda is neutralized and the boric 
acid is aU free, provided methyl orange be used as indicator. The 
reaction is : Na2B407 4 2HC1 + SHgO == 2NaCi -f 4H3BO3. The boric 
acid has no effect on the methyl: orange. If the same amount of the 
standard acid be added to the same amount of the borax solution, and 
phenolphthaiein be used as indicator, the freed boric acid can be titrated 
as indicated previously. In this manner, the amount of alkali, and the 
amount of boric acid in a sample of borax can be determined. 

The action of heat. — ^When heated, borax fuses, loses water, and 
swells up into a white porous mass, owing to the expulsion of the water. 
Finally the borax melts to a clear glass — borax glass — ^which is anhydrous 
borax. Like boric acid, fused borax dissolves many colouring oxides, giving 
glasses with a characteristic colour. Borax “ beads ” fused in a loop of 
platinum wire are used as tests for oxides which dissolve in the bead, and 
show characteristic colours as indicated in Table. Thus : 


Table XL VIII.- — CoLoxms of Boeax Beads with some Metallic Oxides. 


Metallic oxide. 

Oxidizing flame. 

Reducing flame. 

Copper . 
Oobs^lt . 
Chromium 
Iron . 

Nickel , 
Manganese 



Green (hot) ; blue (cold) 
Blue (hot or ooM). 

Green or red (hot or cold) 
Yellow (cold) ; brown (hot) 
Violet (hot) ; brown (cold) 
Amethyst (hot or cold) 

Colomless or red* , 

Blue. 

Green, 

Dirty green or olive. 
Grey and opaque. 

Grey and opaque. 
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Tile dissolution of metallic oxides in fused borax is supposed to be 
connected with the fact that borax contains an excess of acid anhydride : 
2NaB02.B203. The union of the metallic oxide with the boric oxide forms 
a metaborate. Thus, with copper oxide, Na^B.D. + CiiO Cu(BOdo 
+ 2NaB0.2. , ■ ■ “ ■ 

■ Uses.—Large of borax are used in the manufacture ot 

enamels, glazes, and of optical glass ; in preserving wood and articles of 
food if its use is not restricted by law ; as a mild antiseptic for making 
lotions and ointments ; in the manufacture of soap ; as a cleansing and 
stiffening agent in laundry work ; for stiffening candle wicks ; in inaldng 
varnishes for metals ; manufacture of drying oils ; with casein as a substi- 
tute for gum arabic ; as a ffux ; and in soldering and brazing. Solder only 
adheres to clean metal surfaces, and molten borax will often dissolve the 
contaminating oxides which prevent solder adhering. 


§ 3. Boron. 

Isolation of the element.-— The element horon is obtained by the 
electrolysis of fused borax with iron electrodes, and by heating the oxide 
with sodium, or with potassium, magnesium, or aluminium in a covered 
crucible : BgOg + 6K == SKgO -f- 2B. The fused mass is boiled with 
dilute hydrochloric acid, and a dark brown powder of amorphous boron 
remains. By using magnesium powder, H, Moissan (1892) made a sample 
of amorphous boron containing 99*6 per cent, of the element, and but 0*4 pei^ 
cent, of impurity. Crystalline borori can also be made as well as the 
amorphous powder. By dissolving boron in molten aluminium at a high 
temperature, the solution, on cooling, deposits crystals of boron. The 
aluminium can he removed by boiling the mass with a solution of sodium 
hydroxide. The insoluble boron remains behind in transparent yellow, 
or yellowish-brown (monoclinic) crystals. Crystalline horon is always 
contaminated with a little aluminium and carbon. Some think that 
the alleged crystalline boron is really a compound of aluminium and 
boron — ^AlBig, or B48C2AI3, for example. It is insoluble in most solvents. 

Properties. — Boron melts at about 2200^, and it volatilizes a little 
at that temperature. It is oxidized by carbon monoxide and by silica. 
It is attacked by the oxy-acids, and by steam. It is said to be slightly 
soluble in water, giving the solution a brown colour from which it is precipi- 
tated by acids and salts. These facts make it probable that the solution 
is colloidal (p. 298). Crystalline boron is not attacked by concentrated 
nitric acid; and aqua regia attacks it but slowly. Boiling sodium 
hydroxide has no appreciable action, but fused sodium hydroxide dissolves 
it slowly, forming sodium borate and hydrogen. 

Compounds with other elements. — Boron burns to the trioxide 
when heated to about 700 in air, and when heated in nitrogen or ammonia 
it forms boron nitride, BN, This compound is decomposed by steam: 
BN + SHgO == B(0H)3 4- NHg. The occurrence of ammonia and boric 
acid in the vapours of the soffioni of Tuscany has lead to the theory that 
these compounds are derived from the action of steam on subterranean 
horon nitride. Boron combines with carbon and silicon at the tem- 
perature of the electric arc furnace. Carbon boride, CBg, and silicon 
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borides, SIB 3, and SiBg, are yeiy ■ hard; crystalline snbsta^^^ wliich in 
many resemble the diamond and crystalline boron and silicon. They 
resist attack by most chemical agents. Metallic borides are formed by 
the direct union of the elements— Ft, Ag, etc.— at a high temperature. 
Thus, magnesium boride, MggBo, more or less impure, is made by strongly 
heating a mixture of boron trioxide with magnesium powder : 6Mg -f- 
B2O3 ™ 3MgO + MggBg. Calcium boride , in contact with , water gives 
hydrogen and hydrogen boride, and thus behaves unlike calcium oarbide 
wliich gives acetylene. The alloys of iron and boron— iron borides— 
unlike the ferrosilicons are scarcely attacked by hydrochloric or hydro- 
iiiioric acid. Boron also combines with sulphm’, forming boron sulphidej 
B2B3. This eompouncl is best made by passing the vapoui* of carbon 
disulphide over a mixture of carbon and boron trioxide at a red heat^ 
SBoOg 30 -f 3083 = 600 4- 2B2S3; by the action of sulphur vapour on 
amorphous boron ; by the action of hydrogen sulphide on boron a-t a red 
heat ; and by heating boron iodide with sulphur ; or, best of ail, by heating 
iron boride in a stream of hydrogen sulphide. The free sulphur can be 
removed by carbon disulphide. Boron sulphide is a whit© crystalline 
solid with an unpleasant smell. The vapour attacks the eyes. In con- 
tact with water, the sulphide is immediately hydrolyzed, forming boric 
acid and iwdrogen sulphide : BgSg + OH^O = 2B{0H)g 4 SHgS. Carbon 
dioxide decomposes it : 4 BCOg == BgOg 4 3C0 4 SS. Boron 

pentasulphide is prepared by heating on a water-bath an excess of a solution 
of sulphxir in carbon disulphide with one of boron iodide in the same 
solvent. The white crystals melt at 390°. Boron phosphide, PB, is 
made from the elements. It takes fire in cold chlorine gas, and also when 
treated •with concentrated nitric acid ; when heated in a current of hydro- 
gen at 100°, it passes into the more stable P3B5 which is not attacked in the 
cold by chlorine or nitric acid. For compounds with the halogens, see 
below. 

Occurrence. — The element does not occur free in nature, but it occurs 
as boric acid, also called Tuscany boric acid; tincal; boracite; and 
the complex calcium borates, already discussed, are the chief modes in 
which boron occurs. Boric oxide has been reported in sea-water-— 
0*2 gram per cubic metre. It is also found in small quantities in soils 1 in 
most vegetable products ; in plant ashes ; and in some wines. It is 
not so common in animal products. H. Jay could detect none in blood, 
but he found it in horn. It also occurs in some spring- waters — e.j?, the 
Steamboat Springs, Nevada. 

Atomic weight. — ^The combining weight of boron has been determined 
from the w^eight of water present in a given weight of crystalline borax, 
Na2B4O^.10H2O ; and by the analysis of boron carbide, chloride, bromide, 
and sulphide, etc. The results show that if oxygen be taken as 16, boron 
has a combining weight ranging between 10*82 and 1P05 ; the best repre- 
sentative value is supposed to be 11. Bulong and Petit’s rule cannot be 
used because of the ‘‘ abnormal ’’ specific heat of this element, Fig. 233. 
Several volatile eompo'unds of boron are known, and the vapour densities 
of a number of these compounds lead to the inference that the number 11 
also represents the atomic weight. 

^ History .—Although mentioned in the early Latin -writings on chemistry, 
it is probable that the term ^‘iborak ** did not always refer to the substance 
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now called '' borax, ’’ since the Arabians applied the term baiorach (borax) 
.indifferently to borax and to nitre. In 1702 W. Homberg made boric acid 
from borax, and called the acid aaiJ sedatwmn ; J. ,!!,' Pott (1741) showed 
that ordinary /.Glauber’s , salt, was . produced at 'the' same ■ time. Hence, 
sulphuric acid and borax yields, boric acid and Glauber’s salt, Baron, 1748^ 

' / .showed that, borax is a compound of Homberg’ s sal sedatmim and soda, 

, . ■ After,: Lavoisier’s work on aeids, the term, boraoic acid ” was s'libstituted 

for/"*^ sal sedativum,” and ‘‘ boracic acid ” was later abbreviated to, boric 
■acid.” ■ J, L. .Ctary-Lussac and J. .Thenard isolated the element in- a more 
. ".or less impure ' Condition in 1808. 

§4. Boron Hydrides, and Halides. 

Boron hydrides. — ^When magnesium boride is slowly added to dilute 
hydrocMorio acid at about 50*^ while a stream of hydrogen passes through 
the apparatus, tlie gases which are evolved, when cooled by liquid air, 
furnish a white crystalline solid with the empirical formula BH. According 
to A. Stock (1913-15), this solid is a mixture of various boron hydi’ides, 
with silicon hydride, carbon dioxide, and other impurities. By fractional 
distillation of the product, tetraboron, hydride boiling at 16°-17* 

under ordinary pressure, and a hexaboron hydride, BgHig, boiling at about 
100'^ %vere obtained. The former decomposes at 100°, forming diboroii 
hexahydride, a gas boiling between —87° and ~S8°. If the diboron 
hydride is heated at 115°-120° for some time it forms decaboroii hydride 
BxqHj^, a white solid melting at 99 '5°. Three other hydrides have been 
obtained, but nothing corresponding with the trihorene^ L3H3, or with the 
BH3 or B3H were noticed. The formula B^Hjo has been established from 
the following facts ; — (i) it rapidly decomposes in contact with water, 
furnishing products corresponding with the equation : -j- I2H2O 

/IHqBOs + llHg; (ii) by explosion with an excess of air; and (hi) the 
vapour density is 55 *6 (theory for — 56). Hence, boron must be 

at least quadrivalent, and not tervalent as a maximum ; the graphic 
formula being Hg—B—BHHg. The constitution of B^H^o on the 
^ assumption that boron is quadrivalent will be represented by BHg.BHjj. 

BH2.BH3 ; and that of by BHg.BHs.BH : BH.BH^.BH/j. For 

some properties of the boron hydrides — vide silicon hydrides. 

^ Boron trihalides. — All four halogens unite with boron to form trihaiides : 

BFg BCI3 BBrg Big 

Condition , . Colourless gas Colourless liquid Colourless liquid White solid 

Specific gravity 1*35 (17°) 2‘69 3'3 (o0°) 

Boiling point ~ 101° (molts 18*2° 00*5 210 (melts 

! ^ « 127°) ^3°) 

The first thi’ee compounds can be made by the direct union of the elements ; 
and all four can be made by heating an intimate mixture of boron trioxide 
and charcoal in a current of the respective gas ; B2O3 + 30 + 3CI2 — 
SCO + 2BCI3. Boron chloride and fluoride can also be made by the 
respective action of hydrochloric or hydrofluoric acid upon boron, or on 
boric oxide ; say, by heating a mixture of concentrated sulphuric acid, 
calcium fluoride, and boric oxide : + 6HF ~ 2B.F 3 4* A 

^ similar process with boron furnished: boron trifluoiide, BF3, but silicon 

, tetrachloride, Si0l4, was not obtained in 'this way. This is probably due 
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to the fact ' that boron. ..tricUoride is' not quite so. readily hydrolyzed as 
silicon tetracliloride by the water formed in the reaction. Boron trichloride 
boils at 18 • 2 ®, and it can be distilled over sodium without decomposition ; 
bxit;' vvith ,. magnesium, ' the vapour forms magnesium boride ; Mg^Bg ; 
wliile zinc dust does not react below 200*^. All the boron trihalides are 
hydrolyzed by water ; BEg + SHgO = B(OH )3 + 3HE. The hydrogen 
fluoride, so produced, unites with some of the unchanged boron trifluoride, 
BFg, producing a complex monobasic acid — hydrofluoboric acid, HBF 4 , 
thus : BFg + HF == HBF 4 . A series of corresponding salts called 
borofluorides or fiuoborates have been obtained. Potassium fluoborate 
is dimorphous, cr 37 staliizmg from hot aqueous solutions in cubic (octahe- 
dral) erj^^stals, and from cold solutions in rhombic plates. Corresponding 
chloro- and bromo-borates have been reported. Boron fluoride unites 
with ammonia forming a series of compounds : BF 3 .NH 3 ; BF 3 . 2 NII 3 ; 
BFgBNHg; similar compounds are obtained by the union of BFg with 
PH 3 ; of boron bromide with the phosphorus bromides, and of boron 
chloride with phosphorus pentachloride. An excess of water is needed for 
the complete hydrotysis of the trichloride. If but a small quantity of 
water be used, a solid hydrate is produced. 


§ 5. Aluminium — Occurrence, Preparation, and Properties. 

Occurrence. — ^Aluminium, once also called aluminum, does not occur 
free in nature, but its compounds are numerous and widely distributed. It 
comes third, after oxygen and silicon, on Clarke’s list. Corirndmii, ruby^ 
and sapphire are more or less impure forms of the oxide, AlgOg ; emery 
is a mixture of iron oxide and corundum. There are three recognized 
hydrates occurring in nature — gihhsite or hydrargillite^ AloOs.SHgO, or 
A]{ 0 H )3 ; bauxite, AI3O3.2H2O, or Al 20 ( 0 H) 4 , and diaspora, AlgOg.HgO,, 
or AIO(OH). The word bauxite is used in rather a general way for 
native aluminium hydroxides containing the equivalent of, sa}’’, 50 to 70 
per cent, of AlgOg, about 25 to 30 per cent, of water, with varying amounts 
ferric oxide, titanic oxide, and silica. Some bauxites approximate to the 
trihydrate ; others appear to be mixtures of the trihydrate and lower 
hydrates, and some are considered to be more or less impure monohydrate. 
The bauxites are often classed as ferruginous, and non-ferruginous. The 
double fluoride — cryolite, AlFg.SNaF, is discussed on p. 328 ; turquoise is 
a hydi'ated phosphate. The felspars and clays, as well as a great number of 
common minerals, are complex silicates of aluminium with other bases. 
Bauxite and cr^^olite are the chief compounds used in the preparation of 
the metal aluminium. 

History. — ^The word “ alumen,” or its Greek equivalent, was formerly 
applied as a grouping term for substances with an astringent taste. Geber 
and some others classed alum with the “vitriols,” but Paracelsus con- 
sidered it to be radically diflerent, for he pointed out that its “ corpus ” 
is not metallic but an intimate mixture of earths. The earthy “ corpus ” 
was confused with lime until J. H. Pott, 1746, showed that the base is 
really an argillaceous earth;, and in 1754, A. S. Marggraf proved clearly 
that the base is entirely difeent from lime, and that clay contains the 
“ aluxn earth ” united with silica. 

Isolation of the metal — .After Davy’s work on potassium, calcium. 
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etc.^many attempts were made to isolate the unlaiown. element in alumina, 
andE. W5liler succeeded in reducing anhydrous aluminium chloride, AICI 3 , 
to the metal by warming the chloride with potassium ; AiClg -f- 3 K = 3 KC 1 
+,x4L ' Wohler’s first experiments furnished a light grey metallic powder, 
and it was not until 1845 that the compact metal was obtained. The 
metal was at that time a “ chemical curiosity.” A specimen exhibited at 
the Palais de ITndustrie in 1855 was labelled U argent de Vargile. In 1855 
aluminium sold at the rate of about £120 per kilogram, and ■ in 1910 about 
£80 per ton. H. St. C. Deville, in 1854, reduced aluminkmi chloride in 
quantity by means of sodium in place of Woliler’s potassium ; H. Rose, 
1855, recommended the' reduction of cryolite by so'diiim ;• and N. Beketoff, 
the reduction of eryolite by magnesium. ' These ehemicai. processes are 
not now used on an industrial scale. 

R. Bunsen isolated aluminium by the electrolysis of the fused chloride 
in 1854, and the result was confirmed by Deviile in the same year. A. and 
E. H. Cowdes Bros. , 1884, reduced alumina by heating it with carbon in 
an electric arc furnace. The formation of aluminium carbide, AI 4 C 3 , 
introduced some practical difficulties. The method was for a time 
more or less successfully employed in making alloys of aluminium with 
copper. The electric furnace was charged with corundum, carbon, 
and metallic copper. After the charge had been heated about five hours, 
a copper-aluminium alloy was obtained. The cheap production of alumin- 
ium was made possible by the discovery, by C. M. Hall, in 1886, that a 
solution of alumina in a molten mixture of cryolite and some other fusible 
fluoride, say, potassium fluoride, is an electrol 3 rte, and, when electrotyzed, 
aluminium collects at the cathode, oxygen at the anode. Patents by 
C, S. Bradley (1883-1891), P. L, T. Heroult (1887 ei seq,), and many 
others embodied ideas more or less valuable, and, as a result, aluminium 


can now" be made cheaply on a large scale. Electrolytic processes are 
practically the only methods used for the preparation of aluminium. 

HeroulPs electrolytic process for aluminium, — ^In this process the 
electrolyte is a solution of bauxite in fused cryolite. The “ electrolytic 
cell ” is a rectangular iron box (about 8 feet long and 6 feet wide). This 



cell — Fig. 246 — ^is connected with the ^ 

electric generator so that the iron box itself 4 . 
serves as the cathode. The anode, or 
rather anodes, is a set of about 48 carbon 
rods (3 inches diameter and 15 inches 
long) arranged in three or four row"s and 
suspended from copper rods connected _ 
with the other xxfle of the generator. The 

rpsistancc of the electrolyte to the ou^t 246.-H4roult’s Aluminium 

gives enough heat to keep the mass fluid. Furnace (Diagrammatic). 
The liquid metal sinks to the bottom of 

the cell, %vhence it is “ tapped ” from time to time. The oxygen evolved 
at the anode either escapes as a gas or unites with the carbon to form 
carbon monoxide wdiich either burns or escapes. The process is continoiius 
for fresh supplies of bauxite are added when needed. The resistance of 
the bath increases when the alumina wants replenishing ; and this causes 
a lamp, shunted off the main circuit, to glow. This tells the %vorkmen 
that a fresh charge of bauxite Is needed* ■ • ^ 
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Alttioiigli cla3?’s usually contain the equivalerit of 20 to 36 per oenti 
of alumina, -no method is known-.-for separating silica from the alumina, 
cheaply enough for use on a, manufacturing scale. ' It,, is necessary, to use 
a fairly pure bauxite for the process, otherwise' the m.eta,llio aiuminiiini 
will be seriously eontaininated with impurities. Apart from the cost of 
the electrical energy, the purification of the raw bauxite is the most 
oos% item in the process. Native bauxite is usually too impure to be 
used without a preliminary purification to remove the iron, titaniiiin, and 
silicon oxides. 

Purification of bauxite. — ^The bauxite may be fused with sodium 
hydroxide or sodium carbonate : AI2O3 + BNagCOg 2Al(ONa):j5. + 

and the cold mass extracted withVater ; or better, the bauxite may be 
roasted at a low temperature to convert the ferrous oxide into ferric oxide, 
and then digested with a solution of sodium hydroxide in iron kettles 
under pressure : Al(OH)3 + SNaOH = Al(ONa)3 + SHgO. The aiumiua 
is precij)itated from the solution by G, J. Baeyer" s process^ 1887, namely 
by agitation with a little aluminium hydroxide, when the aluminium 
liydroxide separates from the solution until the ratio Al^Og ; NagO 
is about 1 : 6. The aluminium liydroxide can also be precipitated 
by passing carbon dioxide through the solution : 2Al{ONa)g -f SCOo -f 
3H2O == 2AI(0H)3 -f- SNagCOg. The aluminium hydroxide in either case 
is washed, dried, and ignited. In Serpelc's process, by the action of water 
on aluminium nitride, the ammonia can be regarded as a by-product in 
the manufacture of alumina, for, instead of agitating bauxite with sodium 
almninate, aluminium nitride can be used. The combined iron of the 
bauxite is reduced to metallic iron when the nitride is formed, and this 
settles as a mud when the nitride is decomposed in the solution of sodium 
aluminate. 

Properties. — Aluminium, is a bluish white inetai capable of taking a 
high polish. The dull surface usually seen on the metal is an effect of a 
superficial film of oxide. Aluminium is lighter than most metals, its 
specific gravity is 2-6, and therefore it has nearly the same specific gravity 
as glass, and one-third the specific gravity of iron. The metal is ductile 
and malleable at 100° to 150°. With frequent annealing it can be rolled 
into sheets, wire, and foil. Aluminium is not very tenacious ; at about 
530° it undergoes a remarkable change in its physical properties, whereby 
its toughness and hardness are considerably reduced, and the metal becomes 
so friable that it can be pulverized. It is a good conductor of heat and 
electricity. * Aluminium melts at about 657° ; and boils at 1800°. 

Aluminium remains practically unaltered in diy air, while in moist 
air and in boiling water, a superficial film of oxide seems to protect the 
metal from further action. Even at 700° to 800° it oxidizes but slowiy ; 
at higher temperatures it burns brilliantly with the evolution of much heat. 

If a clean strip of aluminium be placed in a bottle containing a few e.c. of 
mercury £ind all shaken, the alxxmirdum, when exposed to air, rapidly oxidizes, 
and white tufts of alumina grow up to about a cm. above the surface of the metal. 
■If the aluniinmm be placed in water instead of in air, the water is decomposed, and 
the aluminium oxid.i2ed. If a little mercury be poured into a beaker of water and 
a clean strip of aluminium be dipped' m the vessel, no action occurs imtii the alumi- 
nhim touches the mercuiy. The wS-teir then decomposes and the action continues 
mitil all the aluminium has been transformed into alumina, and this even after 
the mercury has been removed. , Somewhat similar results are obtained with 
ma-gnesium and mercury 
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These '.axperiments with activated aiummium or activated mag’n.esium 
are very, curious, , and are no doubt examples of electrolysis iadi.cated in: 
connection: with the rusting of iron (p. 439) ; the effect of the copper zinc 
couple, (p. 452); and .amalgamated zinc (p. 408). If, the aliiiniiiiuni is, 
below, 98 .per ,ceiit> purity, .itls said -that the , amalgam will not , attack 
water appreciably at ordinary temperatures. . In ■ virtue of its intense 
electropositive character, aluminium is a powerful reducing agent. Thus, 
carbon cli- and mon-oxides are reduced to carbon ; SCOg + 4Ai ™ 2 Ai 203 
4* 30, ; and 300 4 2Ai = AlgOg ■4* 30. Aluminiuni powder,, when inti- 
mately mixed with many metallic sulphides or ' oxides -—inaiigaiiese, 
„chromium, tungsten, . uranium, iron, 'etc. — along' with some flux, -say^ 
fluorspar, when ignited, reduces the oxides or sulphides .to the', iiieta!. 
J'.r/. with pj^rites, it forms aluminium sulphide and metallic iron. The 
mixture becomes very hot during the reaction and a temperature of 
3000^-3500^^ is sometimes attained. The heat of this reaction can be 
utilized for softening and welding iron rails, steel castings, etc., when an 
intense local heat is needed. The rails to be welded are packed in a mixture 
of iron oxide and aluminium powder together with a special cement to 
make the mass compact. When the mass is ignited, it burns and heats 
the rails to a temperature high enough to weld the metals together. The 
mixture of aluminium powder with various metallic oxides is sold as 
“thermite,” and the process is called H. Goldschmidt’s or the alumino- 
thermie process. The high temperature, and the extreme portability of 
the thermite process of welding and reducing metal oxides, is well empha- 
sized by the remark of W. Ostwald : “ Dr. Hans Goldschmidt has given 
the industrial world a blast furnace and smithy for the waistcoat pocket,” 

Aluminium, when heated with the halogens and with nitrogen, forms 
halides and nitride respectively. Aluminium dissolves slowly in cold 
dilute hydrochloric acid, and rapidly in hot, the concentrated acid giving 
an aqueous solution of aiumiioium chloride, and hydrogen gas. Nitric 
acid, dilute or concentrated, acts so slowly that nitric add is usually said 
to have “ no action on aluminium.” Sulphuric add has very little action 
in the cold, but the hot concentrated acid converts it into aluminium 
sulphate with the evolution of sulphur dioxide. Aluminium is rapidly 
dissolved by sodium and potassium hydroxides with the evolution of 
hydrogen and the formation of potassium aluniinate : 2Ai 4 6KOH 
2A1(0K)3 4* SHo. Organic acids (e,g. acetic acid) are almost without 
action on the metal at ordinary temperatures, but they are said to have, an 
appreciable solvent action in the presence of sodium chloride. 8ait 
solutions, e.g, sea-water, rapidly corrode the metal. 

Atomic weight. — The atomic weight of aluminium has been determined 
by roasting the metal to convert it into the oxide — 0*4168 gram of metal 
furnished 0*7850 gram of the oxide ; this shows that if oxygen ~ 16 be the 
standard, the combining weight of aluminium is 26*99 ; and by the method 
of Fig. 34, 0*7314 gram of aluminium, after treatment with sodium 
hydroxide, furnished 907*9 c.e., that is, 0*0816 grain of hydrogen ; conse- 
quently, if hydrogen be unity, aluminium has a combining wx^ight of 26*89. 
The combining weight has also been determined by analyses of aluminium 
chloride, aluminium bromide, aluminium sulphate, and ammonia alum. 
The results show that if ox^^gen beT6,; aluminium has a combining weight 
between 26*99 and 27*43 r the best representative value is probably 27*1. 
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The approximate atomic weight by Bulong and Petit’s rule, specific heat 
of aluminium: 0*2143, agrees with the value 27*1. The compounds of 
aluiBinium have a great inclination to form double molecules— -AiCIg 
becomes AlsClg, for example. Accordingly, aluminium was once considered 
to be quadri- or sexi- valent, and the two aluminium atoms were supposed 
to be in direct contact with one another Clg^Al— Al=Cl 3 or Cig^ 
Al^Al^Clg. The vapour densities of the aluminium halides indicate 
that 27*1 is the atomic weight, and that the metal is tervalent. The 
tervalency of aluminium is also in agreement with the Isomorphic law 
applied to compounds of gallium, indium, thallium, titanium, vanadium, 
chromium, manganese, etc. 

Alloys. — See aluminium bronze discussed in connection with the 
;dloys of copper. Magnalium is the trade name of an alloy containing 
about 00 per cent, of aluminium with 2 to 10 per cent, of magnesium and 
smaU quantities of other metals. It has a specific gravity ranging from 
2*40 to 2*57, and melts between 1184° and 1248°. It is claimed that it has 
ah the good properties of aluminium, without its disadvantages. For 
instance, it is claimed that the tensile strength of magnalium is greater 
than aluminium, and the aUoy can be turned in a lathe. Magnalium, 
under some conditions, is also less corroded than aluminium, zinc, copper, 
or brass. Hence it is replacing aluminium for many purposes, A luminium 
amalgam is made by adding aluminium filings to a -1 per cent, solution of 
mercuric chloride for a couple of minutes, and washing the product with 
alcohol and ether. As indicated above, the amalgam decomposes water 
at the ordinary temperature, liberating hydrogen and forming aluminium 
hydroxide. The mercury seems to retard the formation of a thin coating 
of oxide on the surface of the metal which would prevent further oxidation. 
Aluminiiun amalgam is a valuable neutral reducing agent because neither 
acid nor alkali is needed for the reaction. 

Uses. — ^Large quantities of aluminium powder mixed with oil are used 
as paint for steam-pipes, and other metal objects exposed to heat or the 
weather. Aluminium is used for cookmg utensils ; the metallic parts of 
military outfits ; certain parts of airships, etc, ; precision instruments ; 
surgical instruments ; and as an ornamental metal for interior decoration ; 
and artistic objects, trinkets, etc. , The wire is used as a conductor of 
electricity, because aluminium wire, though thicker than copper for a given 
conductivity, is not so heavy and does not strain the supports so much. 
Aluminium is used as a reducing agent in the production of certain metals 
— chromium, etc. — and in the manufacture of “ thermite.’* The formation 
of oxides during the melting of many metals is prevented if a little alumin- 
ium be present, hence aluminium — 0*16 to 0*05 per cent. — ^is commonly 
added to molten steel as it comes from the Siemens-Martin’s, or Bessemer’s 
furnace. This enables castings to be made more free from “ blow holes.” 
Aluminium is difficult to solder, and therefore the parts of large articles 
are commonly welded together by autogenous soldering. 

§ 6. Aluminiutti Oxide and Hydroxide. 

Tliree hydroxides of aluminium occur in nature, and they can be 
represented graphically, though empirically, by assuming that ahxminium 
is a triad, and that alumina, or corundum, is approximately Al gOg, or. 
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The ' gelatinous precipitate' which is obtained' wiien. ammonia or an '' 
alkaline carbonate is added to a solution of an aluminium saitj is a 
coiloida!' . aiuminium hydroxide — A1(0H)3— and it contains absorbed 
water, AlClg + 3NH40H' == Al{OH)3 + SHH^CL The curve obtained 
by measuring the rate at winch the gelatinous hydrates lose water 
on a rising temperature does not show, in a convincing manner, the 
transition from one hydrate to the other. The vapour pressures of hydrates 
of this kind do not vary in steps corresponding with the existence of definite 
hydrates— p. 531 — for the molecular ratio of the water can change con- 
tinuously without abrupt changes. This seems to contradict the law of 
multiple proportions, and to get over the difficulty it is said that the water 
is not chemically combined, and substances of this kind are called atorj)- 
tion compounds. Aluminium hydroxide can be obtained in the sol 
(hydrosol) condition by dialyzing an aqueous solution of aluminium 
chloride, or a solution of freshly precipitated aluminium hydroxide in 
aluminium chloride or aluminium acetate; and in the gel (hydrogel) 
condition by adding some coagulating salt as indicated on p. 463 . Freshly 
precipitated aluminium hydroxide dissolves easily in acids and in alkaline 
hydroxides. If the precipitate has stood a long time under water, or if 
the precipitate be dried, it dissolves very slowly in these reagents. 

When aluminium hydroxide is precipitated in a solution containing a 
colouring matter, the latter is simultaneously precipitated, and the 
aluminium hydroxide with the absorbed colouring matter is called a 
lake. Advantage is taken of this property in dyeing cloth. The alu- 
minium hydroxide is first precipitated in the fibres of the cloth, and the 
fabric is then immersed in the dye, and some of the dye is fixed by the 
aluminium hydroxide in the fibres. Hence, aluminium hj^droxide. is a 
dye-fixing agent or mordant. Dyes which stain the fibres directly need no 
mordant. 

Aluminium hydroxide as a basic oxide. — -Alumimum hydroxide 
is amphoteric, for it exhibits both feebly acidic and feebly basic properties, 
The existence of salts like aluminiiun chioride, aluminium sulphate, etc., 
is evidence of the basic qualities ; and the feeble basic qualities of the 
hydroxide is indicated by the fact that salts with the weak acids — 
carbonic, hydrosulphuric, and sulphurous acids — do not exist in aqueous 
solution. 

Aluminium hydroxide as an acidic oxide. — The feeble acidic 
properties of aluminium hydroxide are evidenced by the solubility of the 
hydroxide in alkalies and by the formation of salts — aluminates — wdth the 
strong bases. The hydroxide H3AIO3 is called orthoaluminic acid wffien it 
is desired to emphasize its acidic nature. The corresponding salts, A1(0M")3, 
Ai{OH)(OM')2, iy(OH)3(OM0, are orthoaluminates : A1{0H)3 -f 3 HaOH 
- Al(OHa)3 -f 3H2O ; Al(OH)g -f NaOH = AiO(ONa) + ^HgO. These 
compounds remain behind when the:Solutions are evaporated to dryness,' 
They also separate when alcohol is padded to the solutions. Solutions of 
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the aluminates fumisn precipitates .of the respective, aluminates 'when 
salts of the alkaline earths are added : SISTaAlOg + CaCl2 — Ca(A102)2 
•f 2 HaCl Salts corresponding with NaAlO^ are. considered to he derived 
from the monobasic acid HAlOg, called meta-aluminic acid, which 
corresponds with the ortho-acid less one molecnle of water. The minerals 
, spine?— MgO.AiaOs, or magnesium meta-aluminate, Mg(AI02)2 ; clwyso- 
leryl — BeO-AlgOg, or beryllium meta-alnminate, Be{A102)2 ; ga/mife— 
iZnO.AlaOgj, or zinc meta-aluminate, Zn{AI02)2 ; her&jnite, :'FeO.Al^O'^^ ov 
ferrous meta-aliiminate- — are supposed to be meta-aluminates which caii. be 

represented by the graphic formulas : 


EO-^Al-O 



0 — Al -0 

0— AI==0 


Be< 


0 — Al-O 

0 — Ai=()' 


.G— Ai'-O 
-0— Al-rO 


Potassium. Spinel. Chrysobei^l. Galmita. 

rneta-aiuminate. 


Fleonaste ot ee^ylonite^ MgO.Fe^O^; franMmifSy impure Zn0.Fe203 ; 
7nagnesioferntef Mg0,¥e20^; magnetic oxide of iron, EeO.FogOg ; and 
chromite, are sometimes included in this group of minerals 

with the general name spinels, and general formula where 

B'" represents the dyad elements Fe, Mn, Mg, Be, Zn; and the triad 
elements Fe, Mn, Al, Or. 

Aluminates. — The attempt to show that aluminium hydroxide has no 
acidic properties, and that the so-called aluminates are colloidal solutions 
or solid solutions, has failed. The electrical conductivity of solutions of 
sodium aluminate is characteristic of that for a monobasic acid. The 
aluminates are not very stable. Their aqueous solutions are strongly 
alkaline on account of hydrolysis^ They are decomposed by carbon dioxide 
with the precipitation of aluminium hydroxide ; 2NaA102 + GOg -f 
SH2O ^ 2A](0H)3 -f Na2C03. There is some doubt about the existence 
of an aluminium carbonate, although it is probable that a basic carbonate is 
produced which is probably formed by the hydrolysis of the normal carbon- 
ate. Ammonium chloride produces a precipitate of aluminium hydroxide 
owing probably to the immediate hydrolysis of an unstable ammonium alumi- 
nate : AbOYabg -f 3NH4CI ^ Al( 0^4)3 + 3 NaCl ; which is completely 
hydrolyzed by water : Al(ONH4)3 -f SHgO 3NH4OH -f AkOH),. The 
aluminium hydroxide so obtained is a pulverulent powder not gelatinous 
like that precipitated from the acid solution of aluminium salts ; it is also 
much less readily dissolved by acetic acid. The alumina of commerce 
has usually been precipitated from sodium aluminate, and it generally 
contains some sodium carbonate due to the imperfect washing of the 
precipitate. An excess of hydrogen peroxide when added to a concentrated 
solution of potassium aluminate gives a white precipitate, which, when 
filtered and dried, liberates iodine from potassium iodide, and gives per- 
chromic acid with an acidified solution of chromic acid. It seems to be 
aluminium peroxide. There are many analogies between the compounds 
of aluminium and beryllium-— the formation of beryllonates and 
aluminates, etc. 

It is interesting to note, that ''^^'intermediate oxides ’’—that is, oxides 
.which can act both as acids ; and bases — must necessarily have both pro- 
perties feebly developed becausCsi in the language of the ionic hj^pothesis, 
the acidic and basic qualities depend on the presence of H* and OH' iom, 
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and botii ions "cannot "be present in very, great concentration in the. same' 
soliitioii, owing to their tendency to nnite and form water. 

Aluminium oxide, AloOg.— Aluminium oxide, or .alumina, occurs .in 
nature as colourless crystalline corundum ; and tinted with various metallic 
oxides as ruby, sapphire, amethyst, emery, .etc. , Alumina is prepared as a 
white., powder by the ignition of aluminium .hydroxide, aluminiurn. nitrate, 
or ammonia alum. . Alumina fuses at. 1900° 'to 2010°, and it begins to 
volatil.ke , appreciably at 1750°,' Alumina is prepared' in, a .crystaliiie ' 
condition by strongly heating' a mixture of aluminium fluoride, a'lid boric 
oxide : ^ 2 AiF 3 4-, ~ + 2 BF 3 . Artificial rubieshave been made 

by heating alumina .with' chromic oxide and -boric oxide.. The latter, 
acts as a ..flux and gradually volatilizes, leaving behind the ciystaliiiie. 
artificial gem.” ' Whe.n alumina is heated above about 800°. an- exother* 
mal change takes place, the alumina changes in some way, for it then 
becomes almost insoluble in acids ; its specific gravity rises rapidly from 
2*8 to 4 * 0 ; and other physical properties change at the same time. The 
change is supposed to be due to the formation of an allotropic modification 
of alumina. Similar remarks apply to the efiects of high temperatures on 
ferric, chromic, and many other oxides. TOien heated with reducing 
agents*— potassium, sodium, calcium carbide, etc. — alumina is reduced 
to the metal. Bauxite is used in the manufacture of the so-called ‘ ‘ bauxite 
bricks,” and for lining the bed of basic open hearth furnaces. Good 
grade bauxite bricks soften between 1600° and 1800°. Fused bauxite 
or fused alumina is manufactured, sold under such trade-names as alun- 
dum,” “ diamantine,” “ aloxite,” “electrite,” ‘ borocarbone,” etc., and 
iised in the manufacture of abrasive and refractory materials. Fused 
alumina is also used as a high-grade refractory for muffles, etc, 

§ 7. Gallium, Indium, and Thallium, 

The rare metal gallium, Ga, was discovered by Lecoq de Boisbaudran 
in 1875 while studying a zinc blende from the Pyrenees, and named after 
Gallia, the Latin name of his country. Indium, In, is another rare metal 
discovered in 1863 by T, Reich and F. Richter in a zinc ore from Fx’eiberg. 
Both elements were discovered by the spectroscope. The spark spectrum of 
gafliiim contains two violet lines, and indium has a characteristic bright 
indigo-blue line. The latter element was named from its prominent indigo 
spectral line. Gallium and indium metals are readily attacked by water, 
although indium slowly decomposes water at ordinary room temperatures. 
Gallium and indium are attacked by nitric acid, whereas aluminium under 
the same conditions appears to be passive. Gallium and incliiini are related 
to aluminium much as zinc is related to magnesium. Aluminium, gallium, 
and indium form oxides R 2 O 3 . The hydroxides R(OH )3 have weak 
acidic and basic properties. All three elements form well-defined iso- 
morphous ammonia alums. Unlike gallium chloride, Q\ aC] 3 , and aluminiu.in 
chloride, AICI3, indium chloride, InCl 3 , can be obtained by the evaporation 
of the aqueous solution at 100°^ with relatively little hydrolysis. All 
three elements are trivalent, but indium also forms three chlorides : InCl, 
InCIo, and InCis ; and gallium forms GaClg and GaCig. 

Thallium, Tl, was discovered by /W. m 1861 while study- 

ing the flue dust from a 'siflphuric', acid;' chamber at Tiikerorde (Harta 
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mountains). Thallium occurs associated with pjuites in zinc ores, and in 
the mineral a copper selenide containing 16 to 18 per cent, of 

thallium, and 3 to 6 per cent, of silver. Thallium was discovered by the 
spectroscope. Its spectrum has a characteristic green line—hence its 
name is derived from the Greek aaAAos (thallos), agreen twig. The physical 
properties of the metal closely resemble lead, and its compounds are 
related to aluminium, gallium, and indium compounds, much as gold and 
silver are related to the alkali metals ; and mercury to zinc and cadmium. 
Thallium forms a series of thallous salts similar in properties to mercurous 
and silver salts. The thallous halides, for instance, like those of silver, 
are but slightly soluble in water. Mercurous, thallous and silver chlorides 
are soluble in a solution of sodium thiosulphate. Thallous sulphide, like 
the silver and lead sulphide, is but sparingly soluble in water ; and 
thallous hydroxide and carbonate are fairly soluble in water. The 
thaliic salts are not very stable, and they behave somewhat like the 
auric salts, so that while thallous oxide, TlgO, is a strong base, the 
trioxide, TI2O3, is a feeble base. 

§ 8. The Relationships of the Boron-Aluminium Family. 

The variations in the physical properties of these five elements with 
increasing atomic weight is indicated in the following table : 


Table XLIX. — Properties op the Boron -ALUM miuM Family. 


— 

Boron. ^ 

Aluminium. 

Gallium. 

Indium. 1 

Tlialliurn. 

Atomic weight . . ' 

11-0 

27*1 

69*9 

114-S 

204‘0 

Specific gravity 

2-45 

=..2-7. ■ 

6*9 

7-4 

IPS' ■■ 

Atomic volume 

4-5 ■ 

10-0 

11-8 

.16-5 ■' 

17*3 

Melting point . 

2200° 

657° 

30° 

■176° 

' 28'6° ■ . 


With the exception of boron and aluminium, the elements of this series 
are scarce and rare. The oxides of the metals from aluminium to thallium 
are obtained by adding ammonia to solutions of salts of the metals. The 
oxides dissolve in acids forming salts. The haloid salts are volatile. 
about 100® thaliic chloride breaks down into thallous chloride and chlorine. 
The chlorides readily form complex salts with other chlorides. The non- 
metallic characters predominate in boron, and it can almost be said that 
the properties of boron summarize those of the group, although any 
particularly striking family trait is wanting. Boric oxide exhibits strongly 
acidic and very feeble basic properties, for it combines with a, few' anhy- 
drides — e,g. P3O5 and the strong acids to form compounds in 

which boron acts as a base. Thus boron phosphate, BPO4, is a stable 
compound, so also is boron mlphate, B2(S04)3 (?), but is decomposed by 
heat or water. The other oxides are basic towards most acids, and the 
basic properties 01 the elements increase, and the acidic properties decrease 
with increasing atomic weights in passing from aluminium to thallium. 
Tims, aluminium , is. acidic towards strong alkalies, gallium and indium 
hydroxides are soluble: in honeentrated potash solutions, and there is 
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■evidence of the, formation of an unstable potassium thallate in the violet' 
liquid which is : produced when thallic hydroxide is suspended in a con- 
centrated solution of potassium hydroxide, and treated 'with chlorine. 
The potassium hydroxide solution of indium oxide gives a precipitate of ' 
' the oxide.' when boiled and the solution is decomposed by carbon dioxide. 
The trichloride, TiCls, for instance, is partially hydrolysed by wwter. 
'.When, thallium is trivaleut, its compounds resemble the other members 
of the group ; the thallic salts are readily reduced to thallous salts. The 
. . . ic saltS' are usually soluble in water and, excepting boron, the elements 
can replace aluminium to form alums — e.g. gallium alums M2S04.Ga2(S04)3. 

I , ‘Mmm alums, M2SO'4.In2'( 804)3.241120.' The grouping of 
thalMiim with aluminiuni is Justified by the fact that thallium sesquioxide 
can replace alumina in the alums. Aiiiminium, indium, and thallium form 
complex sulphates with the alkali sulphates crystallizing with eight 
moleciiies of water ; but when univalent, thallium behaves like silver and 
the alkali metals. The kiiishij) of the thallous and alkali salts is illustrated 
by the fact that (i) thallous salts are stable bodies and usually isomorphous 
with the corresponding potassium salts ; (ii) thallous sulphate can take 
the place of the alkali metal to form alums — Tl2S04.Al2(S04)3. 
24H2O ; (iii) thaiious monoxide, TI2O, dissolves in water, forming a corro- 
sive solution which resembles that obtained with caustic alkali— it forms 
salts when treated with acids ; absorbs carbon dioxide, forming thaiious 
carbonate ; colours red litmus blue ; the carbonate and phosphate are 
soluble ; the chioroplatinate, like that of potassium, is sparingly soluble ; 
etc. ; (iv) it forms a tri-iodide, isomorphous with potassium tri-iodide ; 
and (v) it can replace potassium in potassium chromate, forming TlKCr04. 
Thallium itself resembles lead. 


§ 9. Scandium, Yttrium, Lanthanum, and Ytterbium. 

Scandium, Sc. Yttrium, Y, Lanthanum, La. (Neo). Ytterbium, Yb. 
Atomic weight 4.4*1 89*0 139*0 172*0 

The four rare elements, scandium, yttrium, lanthanum, and neo-ytter- 
bium, are related to the aluminium family. They are all triad elements. 
Their oxides are all of the type R2^3» halogen compounds: 

RCI3, etc. The hydroxides are all basic and insoluble in 
alkaline hydroxides. The basicity increases in passing from 
scandium to ytterbium. Scandium, for example, is a very 
weak base, wliile lanthanum forms the hydroxide, with the 
evolution of heat, by the direct action of water on the oxide. 

Ail the elements form stable carbonates ; the halides are non- 
volatile, and are but slightly hydrolysed by water. They form 
double sulphates — La2{S04)s,3K2S04 — ^with the alkali sulphates, 
but these compounds are not alums. A. von Weisbach (1906) 
and G, Urbain (1907) found that what was previously considered 
to be ytterbium is really a mixture of two elements — ^ytterbium 
proper or neo-ytterbium, and a new element, called by 
Urban, lutecium — ^from LuUce, an old name for Paris. Lutecium has an 
atomic weight of 174. The relations between these elements and the 
aiuminium family are often emphasized by the scheme shown in the margin. 
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Questions. 

1. What weights of sodium, zinc, and aluminium respectively woiild be re- 
quired to yield 168 litres of hydrogen measured at N. Q?. P. ? (Na — 23 ; Zn = 
65'4 ; A1 = 27 .) — Aherdem U^iiv. 

2. Give the preparation of pure aluminium oxide from bauxite and ’ivork 
out a similar method for prepa.ring potassium chromate from chrome iron ore. — 
Amherst Coll,, U,S,A. 

3. Write the formulae of the chief “ alums ” known. Point out their characters 
as a class. State and explain the principle they illustrate . — London Unit', 

4. Compare the oxides of chromium with those of iron, of sulphur, and of 
aluminium. — Massachusetts Inst. Technology, U.S.A, 

0. Mallet determined the atomic weight of aiuminuini (1) by estimating the 
hydrogen evolved by the action of caustic soda on the metal, when 6'2632 grams 
of aluminium gave enough hydrogen to make 5*2562 grams of water ; (2) by- 
analysis of the bromide, when 8*6492 gi*ams of the bromide required 10*4807 grams 
of metallic silver for precipitation. Required the atomic weight from (i) and (2). 
(Ag = 107*66 ; Br = 79*65 ; O = 15*96.) — Science and Art Dept. 

6. Point out without using symbols the most marked features of resemblance 
and of difference in the chemical bahaviour of the metals iron and ainminiuni 
and of their compounds. — Cambridge Senior Locals. 

7. At 180° potash alum loses 43*67 per cent, of water. Point out the signi- 
ficance of this fact in deciding between the foi'mulai AIK(S04)2.12H20 and 
Al2K2(S04)4.24H20 . — London Univ, 

“8." What is the composition of borax, and to what class of salts does it belong ? 
Mention some examples of other salts of similar composition. ^Vhat is the action 
of a solution of borax on litmus ?*—Xondo?i Lbiw. 

9. into what classes can the following oxides he placed with reference to 
their behaviour towards acids and bases --calcium oxide, aluminium oxide, 
manganese dioxide, sulphur trioxide, nitrogen peroxide ? State the reasons for 
your classidoation. — London Univ. 

10. What is an alum ? Give the formulse (a) ammonia alum, (5) potash alum, 
(c) chrome alum, (d) iron alum. Describe the prepiiration of a specimen of any 
one. What is the action of heat on (a) ? — London Univ. 

11. "What metals are capable of yielding alums, and what do you infer from 
these facts as to the muttial relations of these metals ? — Board of Educ. 

12. If the heats of formation of the following compounds of sodium and 
aluminium are nearly ; 

ALPs 2AICI3 2AIBr3 2AIT3 NuoO 2NaCl 2NaBr 2NaI 
195 162 134 87 100 194 182 148 Cals. 

sho^\ that the principle of maximum work explains the facts that with sodium, 
chlorine will displace bromine ; bromine, iodine ; and iodine oxygen ; while 
with aluminium, oxygen will displace chlorine ; chlorine, bromine j and bz’omnie, 
iodine, 

13. lYhat happens when the following substances are warmed mth concen- 
trated nitric acid — antimony, aluminium, arsenious oxide, phosphorus, hydrogen 
chloride, and ammonia ? — London Univ. 

14. Explain what happens when the following sixbstances are submitted to 
electrolysis : sodium sulphate, potassium, hydrogen sulphate, brine, bauxite. 
Briefly indicate any practical details incidental to the processes. — Cape Univ. 

15. Explain how a high temperature is obtained in the “ aluminotherrnic ” 
processes, and why so much heat can be made effective as compared witli manj'’ 
other, processes of combustion. — Worcester Pohjt. Imt., U.S.A. 

16. Aluminium is often regarded as a triad metal. State the facts on which 
that conclusion is based, and cite any evidence wdiicli seems to conflict vith that 
view of the valency of the element. — Science and Art Dept. 

17. Of the following compounds dissolved in water, state wdiich will alter the 
colour of litmus to red or bine, and which are neutral : NaCl, Na.>CO.j, 

(borax), NaHS04,. CaClg, AgNOg, CUSO4, BiiNO^h^.^Skence 

and Art Dept. 

IS. State the general characters ■ of the ma^iesimn-zine-cadmium family of 
elements, and indicate their relation to the alkaline earths on the one hand, 'and 
to aluminium on the other * — Sciemo and Art Dept. 

19. How is potasli-alum prepared on a large scale ? Illustrate its eonstitzi- 
tion by a formula on the assumption that aluminium is tervalent. Deflne tha 
term alum m used in a generxe Vniv, 




CHAPTER XXXiy 

The Platinum Metals . 

§ 1. Review of the Platinum Metals. 

The “ platinum metals ” include platinum, Ft ; iridium, Ir ; osmium, Os ; 
palladium, Pd ; rhodium, Rh ; and ruthenium, Ru. They occur in a 
metallic condition in gravels and sands associated together as mixtures 
or compounds along with magnetite, gold, chromite, etc., principally 
in that part of the Perm district in the neighbourhood of Nizhni Tagiisk 
drained by the Tiira river and particularly its tributaries, the Iss and the 
Veeya, and Mount Blgodat in the Ural mountains (Russia), and in smaller 
quantities in California, Sumatra, Abyssinia, New Granada, Brazil, 
Australia, etc. The world’s production amounts to about 6 *5 tons per 
annum ; and ot this, about 6 tons comes from the Urals, and a little less 
than half a ton from the Choco district in Columbia (S. America), and other 
localities. The deposits in Russia, Columbia, Abyssinia, and Borneo are 
alone considered to be worth working. Some is said to occur at Wenden 
(Westphalia). The yield of platinum from other deposits is too small to be 
of commercial significance. The world’s production of iridium amounts 
to about 5000 ozs. The piatiniferous sands and gravels are washed as in 
the case of alluvial gold. Platinum concentrates ” consist of more or 
less rounded grains which sometimes show signs of cubic crystallization, 
fattened scales, and small nuggets containing approximately the following 
percentage composition : 


Platinum. Iridmra. Rhodium. Palladium. Gold. Copper. Iron. Osmiridiuin. Sand. 

76*4 4*3 0*3 1*4 0*4 4*1 1P7 0*5 1*4 

The x^latinmn content may vary from 50-86 per cent,, nuggets weighing 
up to 20 lbs. have been found on rare occasions. When the native metal 
contains a preponderating proportion of iridium (say up to 75 per cent.), 
it is called This variety is rare ; it is white and harder and 

denser than platinum. Iridosmiumf or osmiridinm. is a native metallic 
alloy containing approximately : 


Platinum. 

i0‘l 


Iridium, 

52*5 


Rhodium. 

P5 


Osmium. 

27-2 


Ruthenium, 

5-9 


with traces of palladium, copper, and iron. 

The metals are greyish- white and lustrous. ’ They all melt at a high 
temperature. They are not acted on. by air ,or oxygen at ordina:ty teiuv 
peratures. Osmium alone bums when strongly heated in air, forming the 
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tetroxide OsO^ ; the others are scarcely , afifeeted, chemically, at any 
temperature. Palladmin readily dissolves in hot nitric acid and very 
sparingly in hydrochloric acid, hut the other metals are scarcely affected 
by hot acids. Aqua regia attacks osmium, forming osmium tetroxide, 
OSO 4 ; and it dissolves platinum forming the tetraohloride, "PtCl 4 ; 
ruthenium is slowly dissolved, while iridium and rhodium are not appre- 
ciably attacked, unless in a very finely divided condition. The native 
platinum alloy stubbornly resists attack by chemical reagents— even aqua 
regia. The metals are readily reduced from their compounds, which 
fact probably accounts for their occurrence free in nature. The metals fall 
naturally into two groups with nearly equal atomic weights. The ligU 
platinum metals include ruthenium, rhodium, and palladium ; i)i& heavy 
^lathiwn metals include osmium, iridium, and platinum. Palladium is 
related with silver, and platinum with gold, as indicated in Table L. 
Unlike the other platinum metals, osmium vaporizes without melting. 

Extraction of the metals. — The gold can be removed from the 
platinum concentrates by the amalgamation process. About 1860, the 
platinum, contaminated more or less with other metals, was extracted by 
a smelting process ; to-day, a wet process is used. Details of the process 
are a “ trade secret.” In a general way it may be said that the concen- 
trates are digested with dilute aqua regia under pressure. The insoluble 
residue contains sand (gangue) and osmiridimh. Osmium and ruthenium 
form volatile oxygen compounds -which can be easily removed from the solu- 
tion by distillation. The solution of crude platinum in aqua regia is 
evaporated to dryness and heated to 125° ; the residue is then dissolved in 
water ; acidified with hydrochloric acid ; and treated with ammonium 
chloride, when a precipitate containing platinum and iridium compounds is 
obtained from which the metals are obtained by ignition. Aqua regia 
dissolves the residual platinum, not iridium. The platinum can be 
obtained by precipitation as before. The mother liquid is worked over 
for palladium and rhodium. The further separation of the platinum 
metals from one another is a difficult and laborious operation because the 
properties of the metals are so much alike ; and because the behaviour of 
the salts of one element is modified by the presence of others. Thus, 
iridium does not dissolve in aqua regia, but if iridium be alloyed with 
platinum, some iridium passes into solution when the alloy is digested in 
aqua regia. 


Table L, — Probebties or the Platiuttm Metals. 



Light. 

Heavy, 

Bu 

Bh 

Pd 

Ag 

Os 

If 

Pt 

An 

Atomic weight 

101*7 

103*0 

106*0 

107*88 

191*0 

193*0 

104*8 

105*7 

Specific gravity 

12*26 

12-1 

11*9 

10*6 

22‘'47 

22*38 

21*45 

19*31 

A.tomie volume 

8*3 

, 8-6 

8*9 

10*1 

8*6 

8*6 

9*1 

11 

Melting point . 

0.2000° 

1660® 

1649® 

962® 

2300® 

2000® 

1766® 

1064® 

Boiling point . 

2780® 

' 2,7W'' 

2820® 

; 1966® 

2950® 

2860® 

2650° 

2204® 

Valency . . . 

3, 8 


-2,4 

1, 2, 3 

1 

2, 3, 4, 8 

2, 3, 4 

2, 4 

1, 3 
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. .History.— -There is supposed to be a reference to platinum in Pliny's 
‘‘Natural History'.’’ under the name ■‘'^aluta.” The term “platina.del 
Pinto ” for a white metal resembling silver,, has been for a long time in 
genera! use ' by the Spaniards in South America. “ Platina” is the 
diminutive'' .form, of the Spanish , silver, and '“ Pinto ” has reference 
to the river where it was discovered. At one time, its export from South 
America was forbidden by the Spanish Government, who ordered it to be 
thrown into the sea to prevent its being used for adulterating gold. In 
1788, the Spanish Government bought it for about 8^. per lb., presumably 
for adulterating gold. It is now worth from £13 to £20 per troy oz. It 
was brought to Europe in 1735 by C. Wood, and W. Brownrigg and 
E. Watson described its properties in 1750. The plant ina del Pinto of 
Ohoca (Colombia) attracted the attention of Antonio de Ulloa in 1748; 
J. J. Scaliger of L63’eIon,4558, also referred to an infusible metal which 
has been taken to have been platinum. The metal attracted much 
attention at the time. Before 1823, most of the platinum in commerce 
came from South America. Platinum was discovered in Ural in 1819, 
and in 1824 Russia began exporting platinum ; since that time, most of 
the platinum of commerce has come from that source. 

Osmium and iridium were discovered by S. Tennant, 1802 to 1803 ; 
rhodium and palladium by W. H. Wollaston, 1803 to 1804 ; and ruthe- 
nium by K. Claus in 1845. All these metals were found during the study 
of native platinum. “ Osmium ” is named from the Greek (osme), 
a smell ; “ iridium ” is named from the Greek tpis (iris), a rainbow, from 
the varying tint of its salts ; “ rhodium ” is named from the Greek 
(rhodon), a rose, from the rose-red colour of its salts ; “ palladium ” is 
named after the planet Pallas, discovered the same year as palladium, 
1802 ; “ ruthenium ” is named after ruthe^i, for Russia. 


§ 2. The Chlorides and their Complex Acids. 

Platinum tetrachloride, PtCl 4 . — ^Platinum dissolves in aqua regia. 
If the solution of hydiocliloroplatinio acid, HgPtClg, be evaporated to 
dryness, and the residue gently heated, a solution of the residue in liot 
water deposits reddish-brown crystals of PtCU-SH^O on cooling. The 
anhydrous chloride, PtOlj, can be made by drying the crystals over 
sulphuric acid and warming them in a current of chlorine ; or by heating 
hydrochioroi:)iatinic acid in a current of hydrogen chloride between 165‘" 
and 200°. 

If a stream of chlorine be passed over hydrochloroplatinio acid between 
364° and 374°, the tetrachloride is formed ; between 430° and 440° what 
appears to be the trichloride, PtClg; about 682°, j)latinum dichloride 
appears, and it has been reported that at the same temperature some 
monochloride is formed, but this lacks confirmation. Iridium chlorides 
IrCl 4 , IrCL, IrCL, and IrCi have been reported to be formed under similar 
circumstances respectively at 100°, 7.63°, 773°, and 798°. Chlorides of 
all six j)lafcinum metals of the type PtC5l4 are known. Palladium tetra- 
chloride is not known in a free state,. 'but double chlorides with potassium, 
etc., are Imown, 

Chioropiatinates. — ^If platimim chloride be crystallized from a solution 



780 


MODERN INOBGANIC CHEMISTRY 


acidified with hydrochloric acid, or if an aqua regia solution of tlie metal 
be evaporated a number of times with an excess of hydrochloric acid 
to drive off the nitric acid, reddish-brown deliquescent crystals of the 
complex acid HaPtClg.fiHaO are formed. This substance— the “ piatiiiuin 
chloride ” of commerce — ^is really hydrochioroplatinic acid. The acid 
is dibasic, and it forms a characteristic series of complex salts — 
chloroplatinates. Potassium chlofoplatinate, KgRtCle, for example, is 
a yellow crj^’staliine precipitate made by adding the acid to a solution of 
potassium chloride. While the solubilities of the normal alkali chlorides 
in water incrmse in passing from lithium to caesium, the chloroplatinates 
decrease in solubility in passing from lithium to csesium. For instance, 
100 c.c. of water at 10° dissolves, in grams : 

Li.PtCL KaoPtClg KgPtCl^s EbJ^tClg CsoPtClg 

Very "soluble iq,5 0‘90 ()’15 ()'05 

The solubility of ammonium chloropiatinate, (NH4)2PtGi6- 
and it thus comes between potassium and rubidium chloroplatinates. Tlie 
fact that the sodium salt is fairly soluble in 80 per cent, alcohol, while 
the potassium salt is almost insoluble, enables a mixture of the chloro- 
platinates of sodium and potassium to be separated. The ammonium 
salt behaves like the potassium salt. During the electrolysis of ordinary 
salts — silver nitrate, potassium chloride, etc. — the metal is deposited on 
the cathode ; mth the chloroplatinates, some of the platinum migrates 
as a PtCl/-ion to the anode compartment. Again, silver nitrate pre- 
cipitates Ag2PtClQ, not AgCl, thus confirming the deduction that “ PtClg 
is a bivalent complex acid radicle or that the solution of the acid furnishes 
the ions 2H‘ and PtCle^ on electrolysis. The constitution of the chloro- 
platinates wiU be discussed later. 

Platinum dichloride, PtClg* — ^If hydrochioroplatinic acid be heated 
between 2o0° and 300°, it furnishes gi'e}’' granular powder of platinum 
dichloride, PtClg, insoluble in water ; at higher temperatures, it decom- 
poses into platinum and chlorine. Platinum dichloride is also formed 
when platinum is heated to about 582° in chlorine gas. Ail six metals 
of the platinum series form salts of the type PtCig Dihydrated palladium 
dichloride, PdCl2.2H20, is obtained by the simultaneous action of hydro- 
chloric acid and chlorine, or a little nitric acid, upon palladium. The 
solution deposits brownish-red ciystals of the dihydrate on evaporation 
under reduced pressure. The anhydrous salt is formed if the crystals arc 
warmed ; and also by the action of chlorine on the wa;rm sulphide. The 
garnet-red ciystals of the anhydrous salt decompose at a red-heat, forming 
what has been reported as monochloride, PdCl, but this is not certain, 
Pailadious iodide, Pdl^, is precipitated as a black insoluble powder when 
potassium iodide is added to solutions of pailadious chloride. This reaction 
is used sometimes for the separation of iodine from the other halogens, 
since the other halogen salts of palladium are soluble. It is difficult to 
precipitate the palla&um quantitatively, because tlie iodide is very soluble 
in the presence of an excess of potassium iodide. Carbon monoxide unites 
with platinous chloride forming carbonyl platinous chlorides, CO.PtCis ; 
2CO.PtCl2 ; 8C0.2PtCi2, ; carbon- monoxide also reduces a solution of the 
chloride even in the cold.-, ^ , 

Chloroplatinltes. — ^When platinum diehioride is digested with hydro- 



THE PLATINUBI METALS 


787 


cMoric acid, it furnishes a reddish-brown solution which is supposed to 
contain liydrochloroplatinous acid, HgPtCL. "The acid has ■ not. been 
Isolated, but the; salts — chloroplatinites — are formed by treating the solu- 
tion with, say, potassium chloride. Potassium chioroplatinite,. KaTtGi,!, 
forms rose-red crystals: The, same salt- is formed by reducing .potassiuiii 
chloroplatinato "with moist cuprous chloride, CuCl. Potassium cMoro- 
platinite is used in platiniim printing in ^ photography. This cliloride 
is reduced to metallic platinum by the action of light on ferrous oxalate. 
Palladium forms a similar series of chloropaliadites. , ' 

Platinum- ammonia compounds..— The ' platinum metals behave in a 
peculiar manner with ammonia. Thus, when ammonia is added to a 
solution of platinum tetracMoride^ PtCl 4 , in hydrochloric acid, a green 
precipitate is formed. If the mixture be boiled, a green insoluble compouncl, 
Pt(To.4NH3 -f HgO, called Magnus’ green salt, is formed and PtCl2.2NH3 
remains in solution. If the precipitate be heated to 250°, a yellow ciystal- 
line substance sparingly soluble in 'water is formed, PtClg.^^NHa. Both 
compounds can be oxidized with chlorine to PtCl4.2I^H3. These two 
compounds may be taken to represent two well-defined series of platinum 
ammonia compounds. One series is derived from PtClg and the other 
from PtCl 4 . These will be discussed very shortly. 

A solution of platiniim salts give a brown precipitate of the sulphide 
when treated with hydrogen sulphide, and the precipitate is soluble in 
ali^ali sulphide solution. Platinum salts also give a yellow crystalline 
precipitate with ammonium or potassium chloride. Most platinum salts 
decompose when ignited, and the metal is obtained on washing aiyay the 
soluble products of decomposition. The metal itself is not affected by 
treatment with the mineral acids, although it is dissolved by aqua regia. 
Most platinum salts in solution are reduced by reducing agents. 


§ 3. The Oxides and Hydroxides. 

When a solution of potassium chioroplatinite or of platinous chloride 
is treated with an alkaline hydroxide, platinous hydroxide, Pt(OH) 2 , 
is precipitated as a black powder. It is soluble in the haloid acids — 
hydrochloric and hydrobromic acids — ^and in sulphurous acid, but not 
in the other oxy- acids, and thus forms the corresponding |)latinous salts. 
The hydroxide*^ is decomposed into the metal and platinum dioxide, 
PtOo, by boiling alkaline hydroxides : 2Pt(OH)2 = PtOg -f- Pt 2 H 2 O, 
Wiien gently ignited, platinous hydroxide forms the corresponding 
platinous oxide, PtO, as a dark powder insoluble in water and in most 
acids. It is doubtful if IrO has been made. Palladium black v/armed in 
ail* furnishes a dark bluish-green paliadous oxide, PdO, which decomposes 
into the metal and oxide at a higher temperature. 

When a boiling solution of potassium hydroxide is added to a solution 
of platinum.tetrachloride, and the precipitated platinic hydroxide, Pt(OH) 4 , 
is washed with acetic acid to remove the potash, a 5 ’'eIlowish powder is 
obtained which dissolves in acids, forming platinic salts, and in bases 
forming a series of salts called the platihates. For instance, with sodium 
bydi'oxide, yellow crystals of sodium' platliiate, NagO.SPtOg.fiHgO, are 
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obtained. Henceplatinic hydroxide is aii acidic and a basic compound® 
Piatinic hydroxide, Pt(OH)4, is a type of similar coinpounds formed by 
the whole six of the platinum metals. The hydroxides when heated form 
dark grey powders of the dioxide-— e.g. PtO 2s IrOg? etc. 

Eutiienium, osmium, iridium, and rhodium form sesquioxides : RugOs ; 
OsgOn ; IrgOa ; EhgGg. Euthenium and osmium form compounds corre- 
sponding with the trioxides, EuOg and OsOg. A more or less impure IrO 3 
has been made. Thus, potassium ruthenate, K2EUO4 ; and potassium 
perruthenate, KEUO4, call to mind potassium manganate and perman- 
ganate. Euthenium and osmium also form tetroxides of the type EuO^ and 
OSO4 respectively. These compounds represent the highest known state 
of oxidation of any single metal The nearest approach to this state of 
oxidation occurs with perchloric and permanganic acids. The tetroxidhs 
dissolve in water but the solutions are not acid : (1) they are neutral to 
litmus ; (2) do not decompose carbonates ; and (3) form crystalline salts. 
The acids show no signs of hydrolysis. The term ‘ ‘ osmic acid ’ * for osmium 
tetroxide is thus a misnomer. Both tetroxides, EUO4 and OSO4, melt at 
a low temperature, about +40^, and boil at about 100° giving irritating 
vapoiu’s. Osmium tetroxide vapours are very poisonous, and seriously 
injure the eyes. They decompose on further heating into the dioxide 
and oxygeu. The solutions are reduced by organic matters and the finely 
divided metal is precipitated. The doubt whether, say, osmium is 
really oetovalent in the tetroxide was lessened when osmium octofluoride, 
OsEg, was obtained with a vapour density of 355 — ^theor}^ for OsPg being 
343 — ^by the action of fluorine on osmium. En passant^ it may be added 
that osmium tetrafiuoride, OSP4, and osmium hexafluoride, OsPg, are 
formed at the same time. The tetrafiuoride predominates when the 
action occurs at about 100°, and the other two fluorides, when the action 
occurs at about 250°. The octofluoride is separated in lemon-yellow 
crystals, melting at 34*5°, by cooling the product in vacuo in liquid 
air. ", 

§ 4. The Properties and Uses of the Platinum Metals. 

The progress whioli has been made and the considerable exactness actually 
attained in chemical analysis have been owing in a great measure to the 
discovery of platina. Without the resources placed at the ready disposal 
of chemists by this invaluable metal, it is difficult to conceive that the 
multitude of delicate analytical experiments which have been required to 
construct the fabric of existing knowledge could have ever been performed. 
— J. F. W. Hebschel. 

Platinum is a greyish white metal with a brilliant lustre. It is harder 
than copper, silver, or gold. It is ductile and malleable, and usually comes 
on the market in the form of foil, or wire. Platinum has also the valuable 
quality that it softens like , iron before melting, so that like iron it can 
be welded. Platiuum melts between 1750° and 1755° ; and boils at 
about 2450°. Platinum and rhodium do not volatilize appreciably at 
900°, but at 1300° volatilization ban be detected. Appreciable quantities 
of the metals palladium,, iri^um, and ruthenium volatilize at 900°, 
and at 1300° the effect is , very , marked. Iridium is readily oxidized 
to a volatile sesquioxide when , heated just below 1000° 5 but it is 
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doubtfiilif platinuin is oxidized below' 1300''. Molten platinum, like molten 
silyer, ^ absorbs oxygen which is given oif as the^ molten metal cools,, 
hence it is liable, to “ spitting.'' Platinum is not attacked by pure hydro- 
fluoric/ hydrochloric,; nitric, and sulphuric- acids. , It, is readily dissolved 
by aqua regia and by solutions containing chlorine,: see “ Gold.” Wheii 
platinum is alloyed with silver, copper, lead, zinc, etc., it is attacked and 
partly dissolved by nitric, acid, probably forming, a platinum nitrate. . 

The high fusing temperature, and the fact that platinuin is not attacked 
by air and strong acids enables it to be used in the manufacture of apparatus 
—dishes, crucibles, stills, etc.— -for many chemical operations which could 
not be readily performed with apparatus made from other available metals. 
The unfortunate steady advance in the price will lead to the use of gold 
crucibles for many purposes. The analysis of many minerals could 
not be so readily conducted as at present if it were not for the valuable 
qualities of platinum. 

Platinuin is attacked by alkalies, nitrates, cyanides, and phosphates 
under reducing conditions, W ith phosphorus it forms platinum phosphide ; 
with sulphur, platinum sulphide, PtS ; with sulphur and dry alkali, 
platinum disulphide, PtS 2 ; with arsenic, platinum arsenide, Pt 2 Asg. 
An arsenide called sperrylite, PtAsg, associated with nickel sulphide occurs 
at Sudbury (Ontario). Platinum also alloys directly with metals like lead, 
silver, zinc, etc., but not mercury. Hence platinum crucibles must not 
be heated with these metals. Carbon alloys with platinum forming a 
brittle platinum carbide, and hence platinum crucibles must not be heated 
in a smokj" flame. 

Platinum has nearly the same coefficient of expansion as glass, and 
platinum wires can be fused in glass so as to make gas-tight joints. 
Platinum is also a good conductor of electricity, and large quantities are 
used in the electric light industry. Short pieces of platinum wire are fused 
into the glass at the base of the bulb, and connected with the filament 
inside. The bulb is then exhausted and sealed. The platinum wires out- 
side are then put in communication vith the wire carrying the currrent. 
The filament is thus heated under reduced pressure to form the “ incan- 
descent electric light.” Platinum is used in dentistry, photography, in 
jewellery, and in making scientific and surgical instruments, etc. One- 
tiiirdof the world’s supply of platinum is said to be used in dentistry, and 
another third in electro-technical work. The stock of platinum is gradually 
dissipated by wear in the laboratory, etc. ; and, owing to the very limited 
occurrence of this metal, the reserves must also be approaching exhaustion. 
The demand for platinum outstrips the supply, and this naturally explains 
the enormous increase in price. One of the most serious problem.s in 
certain branches of technical chemistry, and in electro-technical work is 
based on the limited occurrence of this metal. 

Platinum-iridium alloys are hard and elastic ; malleable and ductile ; 
and less fusible than platinum. If more than 20 per cent, of iridium be 
present, the alloys are exceedingly difficult to work. An alloy of 10 per 
cent, iridium and 90 per cent, platinum was chosen by the International 
Committee on I¥eights and Measures for preserving the standards of 
length and w^eight. Platinum-iridium wire, with platinum wire are used as 
themo-couples for temperatures up to, 1000* ; and platmum-rhodium 
wires are used with platinum in a similar way for temperatures up to 1400''. 

■ ■ ^ ‘ 2 c 2 
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Commercial platimim has 2 per cent, of and it appears to gradually 

lose this constituent when heated to a high temperature. The result is that 
platinum crucibles made from commerical platinum lose in weight every 
time they are heated for some time in the gas blowpipe. This is a source 
of annoyance. The high fusing temperature of osmium has led to its 
use for the manufacture of filaments for incandescent electric lamps— 
‘‘osmium lamps.” These lamps give twice the illuminating power of 
the carbon filament lamp with an equal consumption of energy for an 
equal time. The glass bulb also remains unbiackened even to the end 
of the life of the lamp; but other metal filament lamps have displaced 
the osmium lamp. An alloy of iridium and osmium is used for tipping 
gold nibs on account of its hardness. The alloy is called irklosmim oi 
osniiridi'um. Palladium is used for absorbing h 5 rdrogen, for the detection 
of carbon monoxide, and for the separation of iodine as indicated above. 
Osmium tetroxide is used for straining and hardening organic tissues in 
histology. 

When platinum is precipitated from solutions of the 'tetrachloride by 
reducing agents, a velvet black powder called platinum black is obtained ; 
when ammonium chioroplatinate is calcined, the metal remains behind as a 
spongy mass called spongy platinum ; and if asbestos be soaked in a solution 
of platinum chloride and ignited, the asbestos permeated -with platinum is 
called platinized asbestos . Platinum sponge, platinum black, and platinized 
asbestos absorb large quantities of oxygen gas, and they can then be used 
as oxidizing agents. Platinum black can absorb 100 times its volume of 
oxygen and 110 times its volume of hydrogen. Palladium black absorbs 
about 900 times its volume of hydrogen. This property of occluding gases 
is shown in a less marked degree by iron, nickel, and cobalt, as well as by 
copper, gold, and silver. Spongy platinum will cause a mixture of hydrogen 
and oxygen to unite with explosion ; spongy palladium without explosion. 
A Jet of hydrogen directed on to finely divided platinum w’ill cause the 
platinum to glow'' and finally ignite the jet of gas. Alcohol dropped on 
to iridium black takes fire. Similarly coal gas can be ignited by spongy 
platinum, and this property is utilized in making the so-called ^‘self- 
lighting Bunsen burners.”' The catalytic properties of the finely divided 
platinum metals are used in some industries for promoting chemical 
changes, e,g. the contact process for sulphuric acid. 


§ 5. Werner’s Views on Valency, and on the Constitution of 
Molecular Compounds. 

Sooner or later, theory, guided by observation, will disclose the most profound 
mysteries, and lift up the veil which prevents one seeing the dispositioii 
of atoms in the molecules, — M. A. Gaudin'. 

The hypothesis that the valency of multivalent atoms is a pre-existing force 
acting with definite unite of affinity is as unfounded as it is unnecessarv, — 
A* Claus. . ■ ■ . . 

The attempt to distinguish molecular from atomic compounds, by 
structural formula based upon ordinary valencies deduced from the 
manifestations of the simple “ atomic compounds,” discussed in previous 
chapters, has not been successful. Some of the elements involved in the 
formation of the moleoinlar cdm]^unds' appear to manifest higher valencies 
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than the nimibers deduced from the simpler, more numerous, and' more 
stable compoiinds.^ A. Werner’s hypothesis— 1893 et_seq.--mems to give' 
a clearer insight into the constitution of double, salts, complex salts, 
crystalline .hydrates,- etc., than any. yet propounded. It is fully recognised 
that Werner’s hypothesis .has not assumed its final form, yet, as one of the, 
fathers .of philosophy has said : We begin with doubts" in order that we 
may end with certainties.” Werner’s hypothesis promises to banish the 
conception of molecular compounds as something specifically distinct from 
atomic compounds. ., , 

.Residual C. L. ..Bertholiet believed that: “ there ' are , pre- 

dominant affinities in substances which are the source of their characteristic 
properties ; there are others which are inferior to these, but which never- 
theless give rise to remarkable phenomena.” According to Werner, when 
the combining capacity of an atom, as defined empirically by the theory 
of valency, is exhausted, the atoms still possess a “particular kind of 
affinity,” which enables them to form molecular complexes, corresponding 
with Berzelius’ “ compounds of higher orders,” p. 361. in other words, 
simple or primary molecales may possess a residual affinity wMcii 
enables them to unite together and form more complex stable compounds. 
Thus, the sulphur atom in sulphur trioxide ; the oxygen atom in w'ater ; 
the chlorine atom in hydrogen chloride ; the nitrogen atom in ammonia ; 
the gold atom in auric chloride ; the platinum atom in piatinic chloride, 
etc,, all possess residual affinity which permits these molecules to unite 
additiveiy with other molecules. Residual affinity appears to play a rSle 
similar to ordinary chemical affinity, but the new manifestations of vaiencj^ 
difier from the manifestations of ordinary valency in that they bind entirely 
difterent radicles. Eor instance, residual affinity does not lead to the com- 
bination of univalent radicles as defined by the doctrine of valency. 
This does not mean that the mode of action of the two kinds of affinity is 
difterent, since both are in man}’* ways similar. “ Nevertheless,” says 
Werner, “ it appears at present desirable to preserve the difference because 
the doctrine of valency is yet in a transitional stage, and hence it is judicious 
to construct sharply defined concepts,” Accordingly, Werner distin- 
guishes two kinds of valency: 

1. Chief or primary valency which represents those manifestations 
of chemical affinity which enable the combining capacities (valencies) of 
the elements to be expressed in terms of hydrogen atoms or their equi- 
valents, e.g. Ci — , Na — , NOo — ? CHg — , ... 

2. Auxiliary or secondary valency which represents those mani- 
festations of (residual) ehernicai affinity which are able to bring about the 
stable union of molecules as if the molecules were themselves radicles able 
to exist as independent molecules, e.g, H^O — , NHg — , HCi — , CrCig— , . . 

In illustration, antimony pentachloride, SbCls ; sulphur tetrachloride, 
801^; phosphorus oxychloride, PDCl^; phosphorus pentachloride, PCI 5 ; 
and hydrogen cyanide, HCy, may all be regarded as compounds in which 
the primary valencies of the elements are exhausted, yet, in virtue of 
their residual affinity, compounds like. .SbCl 5 . 4 H 20 , SbClg.SHCy, 
SbCl 5 .SCl 4 , SbCis.PGls, SbCIg-POds, etc.^ are readily formed. 

Co-ordination number. — ^When the binding capacity of an elementary 
atom (primary valency) appears exhausted,' Werner assumes that the 
atom can still link up with other molecules (secondary valency), and build 
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up more complex molecules. There is, however, a limit to the binding 
capacity of both primary and secondary valencies. The number -which 
represents the Joint effect of both the primary and the secondary valencies 
is called the co-ordination number.” The co-ordination number of an 
atom is the .maximum number of' atoms, radicles, or molecular groups-- 
independent of their valencies— which can be directly linked with a 
centra! atom. The co-ordination number of an atom can be determined 
from compounds in which the maximum number of atoms, radicles, 
or molecular groups, linked with a central atom, are known. The co- 
ordination number of most atoms, curiously enough is six ; in a few 
cases it is four ; and with molybdenum and the addition products of the 
eliioricles of the alkaline earths, the co-ordination number appears to be 
eight. The co-ordination number of some of the complex fluorides does 
not appear to be always six. The fact that the co-ordination number for so 
many elements is six, and is generally independent of the nature of the co- 
ordinated groups, has made Werner suggest that the number is decided 
by available space rather than affinity and that six is usually the maximum 
number %vhicli can be fitted about the central atom to form a stable s^ystem. 
Consequently the co-ordination number represents a property of the atom 
w^hieh enables the constitution of “ molecular compounds ” to be referred 
back to actual iinlcings between definite atoms. A molecular compound 
is primarily formed through the agency of secondary valencies ; and, just 
as primary valencies determine the number of univalent atoms or their 
equivalent which can be Hnked to a central atom, so secondary valencies 
determine the number of molecules which can be attached to the central 
atom. The secondary valency is often active only towards definite mole- 
cular complexes, and hence the formation of additive compounds with 
other molecular complexes does not occur. Accordingly, the number of 
secondary valencies which are active towards different molecules is not 
always the same. To illustrate by example. 

Ammonium chloride. — ^When it is desired to emphasize the distinc- 
tion between primary and secondary valencies, Werner recommends using 
a continuous line for the former, and a dotted line for the latter. The 
nitrogen atom of ammonia, NHj, has an unsaturated secondary valency, 
and the hydrogen or chlorine atom in hydrogen chloride, HCl, has like- 
wise an unsaturated secondary valency. The formation of ammonium 
cMoride is therefore illustrated by the scheme : H3N + HCl = H3N...HCL 
The dotted line represents the auxiliary valency joining the hydrogen 
atom of HCl with the nitrogen atom of NHg. The co-ordination number 
of the nitrogen atom is here 4* It is not liltely that one of the hydrogen 
atoms in ammonium chloride is “ linked with a greater amount of affinity 
than the other three,” and very probably, there is a state of equilibrium 
in which the affinity is distributed over ail the hydrogen atoms, and a 
complex radicle is formed in which each of the four atoms of hydrogen 
is united to the nitrogen atom by the same amount of affinity.” Hence 
Werner writes the structural formula of ammonium chloride ; 

The practice of assuming an ihme^ed valency for nitrogen when ammonia 
unites with hydrogen chloride, says Werner, if consistently carried out, 
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would make antimony tervalent in antimony trichloride, and qninque- 
Talent in SbClg.KCl, etc. Bivalent, Fe, in ferrous cyanide, FeCya^woiild 
become decivaient in potassium ferrocyanide, K^FeCyij. 

, ■ Sulphuric, acid .—The formation ■ of sulphuric and , chlorosulplmric 
acids by the union of sulphur ■ trioxide with water and hydrogen chloride 
respectively is brought about by the secondary valencies as indicated in 
the schemes : O3S + OH^ = O3S...OH2 ; and O3S +' CIH == O3S...CIH, 
one of the reacting molecules contains double-linked atoms^ the secondary 
mlencies may not he sufficiently strong to preserve the integrity of the new 
. molecule f ' and the atoms of the addition product may he rearranged. For 
example, this is the case with sulphur trioxide. Thus : 


0 . 

0==S...0H.> passes into 
0 ^ 


OK 

OH’ 


and 0=S...C1H into 
0^ 



The change in the type of the compound is due to an intramolecular 
rearrangement, but such a change may not occur if the secondary valency 
is sufficiently strong and the addition product is stable. 

Platinum-ammines.— Wliat has just been suggested appears to be 
applicable with the analogous reactions : Cl^Pt + 2NII3 = Ci4Pt. ..(NH3)2 ; 
and CfiPt -f- 2 KC 1 = Cl4Pt...(ClK)2. Werner represents the two latter 
compounds by the formulae : 

[Pt(NH3)2Cl4] [PtOyEs 

Ail four chlorine atoms can be removed from the first compound without 
disturbing the ammonia molecules, and consequently the chlorine atoms 
do not act as intermediate links binding the NHg molecules to the platinum, 
as they w^ould in, sa}^ Ci2Pt(CLNH3)2. It is therefore inferred that 
the NH3 molecules are directly attached to the platinum atom. Again, 
no difference has been detected in the chemical behaviour of the four 
chlorine atoms. This would not be the case if the two ammonia mole- 
cules were intermediate links between two of the chlorine atoms, and the 
central atom of platinum, as would be the case in, say, Gl2Pt(NH3.Cl)2. 
Hence, in all probabffity, the six groups are all attached directly to the 
platinum. Consequently, Werner writes : 


CF 


a\p, .ciH 


The latter formula has been established in a similar manner to the former. 

A study of the platinum-ammines shows that they can be arranged in 
two w’-ell-defined series. One series is derived from platinic chloride, 
PtCl4 ; and the other form platinous chloride, PtClg. The co-ordination 
number of the former is six ; and of the latter, foiw. Thus : 

1. Flaiinum-ammmes derived from platinous chloride — PtCIo. 

1. Tetrammineplatinous chloride [Pt(NH 3 ) 4 ]Ci 2 . 

2. Chlorotriammineplatinous. chloride" * ; [PtCNH'sjgGIlCL 

3. Dichlorodiaraxnineplatinum (two homers) . fPfcfNHgjgOlgl.^ 

4. Potassium trichloroammineplatimte , . ' , . ♦ iPt(NH 3 )Clg]i£ 

’"5. Potassium tetrachloroplatjnite' . [PtClJK^* 
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2. Platmum-miminm derived platmie chlor'ide—PtOl^. 

1. HexammiiiLepiatimc cMoride . . . . • • • • [Pt(]SrH3)5]Cl4^. 

2. Cliloropentammineplatimo cMoride . . . . . . [Pt(NH3)gCI.]Ci3, 

3. Dicbiorotetrammiiieplatiriic chloride . . • • • [Pi'{NH3)4Ci2]Ci2* 

4. Trichiorotriammineplatinic chloride . . . . . [Pt(]SrHg)3Gi3]CL 

5. Tetraohlorodiammineplatiaum (two isojBers) . . . [Pt(NH3)2Gl4].^ 

6. Potassium pentachloroarammeplatinate . . , . . [Pt(NH3)Clg]K, 

7. Potassium hexaehloropiatinate . . . . . . . [PtClg]K2. 

The siiiiple or compound radicles which form the complex represented 
within the sq[iiare brackets, are directly united with the central atom of 
platinum. The complex takes part in chemical reactions as if it were 
one individual radicle. The basic ammonia in the complex can be suc- 
cessively replaced by acidic radicles — ^Cl, Br, NO3, COg, SO4, etc."~~-until 
the complex becomes acidic instead of basic and the platinic aminine 
complexes finally pass from electro-negative (basic) radicles to electro- 
positive (acidic) radicles. Potassium chioroplatinate is the limit of the 
platinic animines and potassium chloroplatinite is the limit of the platinous 
ammine. It will be obvious that an enormous number of derivatives 
are conceivable. 

Nomenclature of the metal ammines. — Werner’s system of naming the metal- 
ammonia compounds has been almost universally adopted. The constituents 
of the complex are taken first j and of these, the acid radicles with the suffix “ o ” 
come first ; then follow any groups which behave like ammonia, e,g. HgO is 
called aqm ; NO 2, nitrito or nitro ; NOg, nitrato ; CO 3, carhonato ; SO 3, sulphito ; 
SO4, sulphate ; SCy, thiocyanato ; etc. And lastly, preceding the metal itself, the 
ammonia molecules are designated ammines,” and spelt with a double “ m ” to 
distinguish the word from the “ amines ” or substituted ammonias. The pre- 
fixes di, tri, . , . indicate the number of each. The whole is written as one word. 
Examples appear in the above list. 

The valency of the metal ammines. — ^Tiie valency of the complex 
is numerically equal to the difference between the ordinary valency of the 
central atom and the number of negative (acidic) elements or groups 
attached to the metal. Thus, the normal valency of platinum in the 




PtClg ammines. PtObj ammines. 

Figs. 247 and 248.^ — ^The Electrical Conductivities of the Platinum -ammine 
Berivatives. (The abscissae refer to the numbers of the above ta]>Ie3.) 

first of the above series is ' 4 , hence the valency of [Pt(NH3)5Cl], with 
one negative (acidic) group Gi,”.'wiil foe 3 ; this means that the complex 
in question acts as a tervalent, electropositive (basic) radicle ; and it can 
unite with three univalent electro-negative (acidic) radi.cles. The valency 
of [Pt(NH3)Cl5] with five negative {acidic) groups, “ Cl,’’ will be —i. 
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TMs, means that the complex under consideration will act' as a uni valent 
electro-negative (acidic) radiolej and it .can according^ unite with one 
electropositive (basic) radicle like potassium, sodium, etc. If the vaiencj?' 
of the acidic radicles in the complex are numerically equal to the* norma! 
valency of the central atom, the complex will be nuiivalent. Tliis^ is the 
case, for instance, with the complex ■[Pt(NH3)2Cl4j, 

Properties of the metal ammines. — The . nuiivalent aminiiie bases' 
are non-electrolytes, they do not conduct electricity. In the other amniine 
bases the complex forms one ion -which is either electropositive (basic), 
and therefore a cation, or else electronegative (acidic), and. therefore an 
anion. During electrolysis, the components of the complex are not dis- 
turbed. The molecular conductivities of the animiiie derivatives of PtCi^ 
at 1000 litres dilution are indicated in Fig. 247 ; the conductivities of the 
.derivatives , of PtCi4 are indicated in. Fig. 24S;' the second derivative, 
[Pt(NH3)gCl]Cl3, is not known. The electrical conductivities of these 
compounds correspond with the “ ions ” obtained on electrolysis, as 
indicated by Werner’s formulge in the above tables. 

The hydroxides are strong bases, and in that respect resemble the caustic 
alkalies, for when boiled with ammonium salts, they expel ammonia ; they 
absorb carbon dioxide from the air to form carbonates ; they precipitate 
the hydroxides of aluminium, iron, etc., from solutions of their salts ; and 
in the case of the aluminium salts, the precipitate is soluble in an excess of 
the base as is the case with caustic alkalies. Platinum sulphide is not 
precipitated from solutions of the ammines by hydrogen sulphide ; the 
ammonia is not expelled by alkali hydroxide, nor by chlorine ; the chlorine 
is but partially precipitated from the chlorides ; etc. As a matter of fact, 
the analytical reactions of each base are characteristic of the complex 
as a whole, and of the radicles associated with the complex — indicated 
outside the square brackets in the above formula. Thus, -with the cobalt 
ammines, cobalt tervalent, all the bromine in [Co(NH3)g]Br3 is precipitated 
by silver nitrate ; in [Co(NH3)5Br]Br2 only two-thirds of the total bromine 
is precipitated by silver nitrate ; and in [Co(]l^H3)4Br2]Br only one-third 
of the total bromine is precipitated ; and in [Co(NH3)Br3] none of the 
bromine is precipitated. 

Isomerism of the ammines. — The phenomenon of isomerism occurs 
with some of the ammines. Thus, croceo-cobaltic chloride and fiaveo- 
cobaltic chlorides have the same ultimate composition, [Co(NH3)4(N02)2]Ci. 
One forms golden-yellow solutions— /am (golden-yello’w), and the other 
saffron-coloured solutions — /cpJ/coy (crocos), saffron. Similarly, there are 
two isomers of dichlorodiammineplatinum and two isomers of tetrachloro- 
diamminepiatinum. In the former, [Ci2Pt(NH3)2], the four radicles are 
attached to the central atom of platinum in pairs. If the four groups 
were attached in space, say at the angular points of a regular tetrahedron, 
isomerism could hardly be expected because the four groups could be 
interchanged without altering their relations one with another.^ Hence 
it is inferred that the groups are arranged about the central atom of 

- It is not legitimate to assume that the absence oi isomerism in methylene 
chloride- CHgCi^, “ proves ” that the four hydrogen and chlorine atoms are dis- 
tributed in space uniformly about a central carbon atom. The fapt that no 
isomerism, has hitherto been discovered' may, .also- ‘'•‘ prove that there is only one 
stable configuration for the group CHgCL. ’ , 
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platinum;. in one. plane. 'The ''resulting isomerism, .can he ■g.raphically 
illustrated by the schemes : 


Ci NH3 



Cl NH3 

Cis -position. 


Or by the more usual type of formulae : 


Cis-position. 


NH3 ■ ■ ■€! 



Cl. NH3 

Trans -position. 




CI 

NHg 


Trans -position. 


The six associated units in co-ordination complexes appear to adopt the 
most symmetrical arrangement, and behave as if they were situated at 
the six vertices of a regular octahedron inscribed within the sphere of 
influence of the central atom. As Werner emphasized, the same forces 
are probably active in residual as in ordinary affinity, the difference being 
rather one of quantity than quality. The two isomers of [Pt(NH3)2Ci4] can 
be represented by : 




Cis-position. Trans -position. 

The isomerism of other ammines can be illustrated in a similar manner. 
If the corners of the octahedral figure he alwajj's numbered 1 to 6 as shown 
in the diagram, the relative positions of the acidic or basic radicles can 
be indicated by numbers. Assuming that the diagrams correctly repre- 
sent the relative positions of the radicles, the cis-compound is called the 
2 . 3 -tetrachiorodiammineplatinum, and the trans-compound the 2 . 4 -tetra- 
chlorodiammineplatinum. 

Cobalt-ammines. — ^Tervalent cobalt forms an important series of 
ammines. The ammonia groups are not here attached in the “ loose ” 
way typified by ammonia of crystallization ” — for they are in some way 
actually bound up so as to produce a complete change in the character of 
the salts. Thus, while the haloid is cobaltic chloride C0CI3 can be readily 
detected by the usual analytical tests for chlorides, this is not always the 
ease^ with the cobaitammines. Thus, with chloropentammine cobaltic 
chloride C0CI3.5NH3,, one halogen iremains associated with the €?obaIt and 
ammonia during double decomposition with the salt, while two of them 
behave like the chlorine atom bf cMorides. Thus, (a) they are precipitated 
by silver nitrate ; and (fe) two, afoms alone are removed by treatment 
with concentrated sulphuric acid, The luteo-cobaltic chloride 

[CoCMig) JCI3 is a hexamminecobaltic chloride, and it is formed in reddish- 
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yellow prisms yellow) when a solution of cobaltous oMoride con- 

taining aminoiiiu.111 chloride and ammonia, is exposed to the oxidizing 
action of the air, or bromine, lead peroxide, -etc. , If an ammoiiiacal solution 
of cobaltous chloride be exposed to the oxidizing action of the air, roseo- 
cobaltic chloride, or aquopentamminecobaltic cliioride, [Co(NH3)5H20]Cl3, 
is formed if , this .solution be warmed, purpureocobaltic chloride ■ or 
chloropeiitammineoobaltic chloride, .[Co(NH3)5Cl]Cl2, is formed ; and u'lieii 
this is. exposed to the action of nitrous acid, croceocobaltic chloride or 
iiitritopentamminecobaltic chloride, [Co(NH 3 ) 5 N 02 ]Cl 2 , is formed. Most 
of the 2000 known cobalt ammino -compounds can be referred to one of the 
iblowing seven series. Let, A represent -NHg, HgO, etc. ; B represent the, 
halogens, .NO 2j NOgj'CO'g,, Gy, etc. ; .and M^a basic radicle ■ univalent— -Iv, 
Na, etc. , 


Table LI. — Coealtammines. 



Type. 

Example — Werner’s 
systematic name. 

Formula. 

Old name. 

' 1 . 

[CoAglRa 

Hexamminecobaltic 

chloride 

[Co(NH3)e]C!3 

Luteoeobaltic 

chloride. 


[CoAgRlKa 

Nitrite pentammine- 
cobaltic chloride 

[Co(NH3)gN02]Cl2 

Xanthocobaitic 

chloride. 

HI* 

[CoA^RoJE 

Dichlorotetrammine- 
cobaltic nitrate 

[ColNHsl^Cl^lNOg 

Oh lo ropraseo co - 
baltic nitrate. 

,IV. 

[G0A3R3] 

Trinitritotriammine- 

cobalt 

Ammonium tetranitrito- 
diamminecobaltate 

[eolNHglgCNOslsl 


V. 

[CoAjR^]!! 

[Co(NH3)3(NOo)4]K 

Erdmann’s salt. 

VL 

[CoARslMa 

Potassium pentanitrito- 
amminecobaltate 

' [CoiNHgliNOglslKg 

.. — . 

VII. 

[CoRglMg 

Potassium hexanitrito- j 
eobaltate 

[Co(N 03 )g]K 3 i 

1 

! Potassium co- 
: baltinitrate. 


Numerous derivatives of most of the classes are known, and an enormous 
number are possible, e.g, over a hundred members of the first class have been 
isolated. Potassium cobalticyanide, [CoCyglKas belongs to the seventh 
group. It is formed when a solution of a cobalt salt is warmed with an 
excess of potassium cyanide while exposed to the air. The cobaltous 
cyanide which first separates as a dirty brown precipitate forms the complex 
salt with the excess of potassium cyanide. The reaction is usually written 
CoCya 4 " ^^^Cy = K4CoCyg. According to Werner, this compound is 
[CoCyg'jK,^. This is oxidized to potassium cobalticyanide, [CoCyJKg, on 
exposure to the air. Solutions of sodium hypobromite or hypochlorite 
liave no action on the soluble salt. With nickel, a soluble salt, [NiCyJKg, 
is formed under the same conditions, and this is decomposed by the sodium 
hypobromite, giving a precipitate of nickel hydroxide, Ni(OH)3. This is 
the principle of Liebig's method of separating nicJcel and cohalt. Cobalt 
salts when treated with acetic acid and potassium nitrite, and boiled 
for a few minutes, give a yellow precipitate of potassium, cobaitinitdte, 
[Go(N 02)JK3; nickel salts do not give a. preciiutate under the same 
conditions because the potassium nickeliiiitrite is soluble. This is the 
principle of Fischer's method of separating cobalt and nickel. 
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Chromium-ammit3es.---~8i33ailaT' remarks , might ■ he made, mtiMis 
mukmdis, about the amimnes of mdium, chromimi, etc. The two modi- 
fications of hydrated chromic chloride, CrGlg.6H:20,' are interesting-— one is 
green, and the other violet. All the ehlorin© in the" violet form, and one- 
third of the chlorine in the green form, can be j)recipitated by silver nitrate. 
Werner represents the violet 'form by [Cr{H20)g]Gl3, and this, by losing two 
moiecules of water, is transformed into the green hydrated chloride : 
[GrCla^HoOjJCI.BHgO. in the hydrated cliloride, the chromium is present 
in the trivalent cation;, and all the chlorine is in the anion ; whereas in 
the green form only one CT ion is formed per molecule, the other two 
chlorine atoms are associated with the chromium to form a univalent 
radicle. The change is thus represented in symbols : 

[Gr(H20)e]Ci3 ^ [CrG^HsOy^^^^^ 

Violet, Green. 

Hydrates. — now come to the least satisfactory application of 
Werner’s theory : crystalline magnesium chloride, MgCi 2 . 6 H 20 , is repre- 
sented according to Werner’s scheme by the foi*mula [Mg(OH3)6]Gl2, and 
similarly with the other salts crystallizing with six moiecules of water. 
Werner thinks that the alums KA1(S04)2.12H20, and some other hydrates 
with an abnormally large proportion of water, owe their existence to the 
addition of polymerized molecules of water ; (H20)2, or H4O2, is then 
attached as one molecule to the central aluminium atom, and alum becomes 
[Al(H402)6](S04)2lv. When contrasting the chlorides and sulphates of the 
iron group, it seems curious that the former should crystallize with six and 
the latter with seven molecules of water. E.g . : 

CoCL.eHoO ZnCh.eHaO iliCL.6HoO MnCig.eH.O 

CoS04.7tf20 ZnSd'4.7H30 NiS04.7Ea0 MnS04.7l!20 

With these sulphates, e.g, ZnS04.7H30, Werner considers that one molecule 
of the water is attached to the sulphuric acid radicle ; Zn(H20.S04)6H20, 
or [Zn{H20)s]H20.S04, 

[Zn{H,0)e]|5° 

in agreement with the great difficulty involved in driving of! the last 
molecule of water, and with the fact that both potassium and ammonium 
sulphates are anhydrous, and yet when introduced into a sulphate with 
seven molecules of water, form a salt which crystallizes with six moiecules 
FeS04.(NH4)2S04.6H20, Le. [Fe(H20)Q]S04.(NH4)2S04. Hence, 
in studying the hydrates, it is necessary to distinguish between acidic 
and basic water. While many of the hydrates have not yet been studied 
in the light of Werner’s hypothesis, as Werner himself says, ‘'These 
questions are for the future to decide ; for the present, it is not possible to 
systematize all the hydrates.’^ 

Questions. 

1. Whence and by what processes is platinum obtained ? What are its 
physical properties and how is it affected by being alloyed with mdium ? Point 
out briefly the utility for chemical inv^tigation of platinum, glass, and india- 
rubber . — Nm Zealand Vnw, 

2. State precisely the methods, yoti, would suggest for the preparation of pure 
speoimens of (a) sodium fiuoride-from calcium fluoride ; (5) anhydrous magnesium 
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cliioride from magnesium oxide ; (c) a colloidal solution of silver from sliver 
nitrate ; and (d) potassium oobaltinitrite from coholt. —Calcutta Univ. 

3. Show by means of examples that valency depends not only upon the nature 
of the grouping' atom but also on the; nature of the atoms that are attached,— - 
Madras Univ., ■ 

4. 0*2137 grm. of a substance gave 0*1371 grm. of C 0 SO 4 when evaporated 
to dryness with sulphuric acid ; 0*i6'86 grm. gave 0*2026 grm. of AgCI when 
treated with silver nitrate ; and 0*1542 grm'. gave 58*08 c.e. of nitrogen at 19° 
and 721 mm. The compound was prepared by the action of sodium azide 
upon dichlorotetramminocobaltic chloride, [Co(NH 3 ).|Cl 2 ]Cl, What is the 
percentage composition of the substance' under investigation and what is its-' 
probable formula ? 

5. How is platinum found in nature ? Describe methods of obtaining it in 
a finely divided condition, and gWe one illustration of the us© of the metal in an 
inorganic chemical preparation, — Cape Uhiv. 



CHAPTER XXXV 

The Oxides oe Carbon 


§1. Carbon Dioxide-Preparation. 

Molecular weight, GOg = 44. Melting point, — 57° (under pressure) ; sublimes 
at — 7S*2°; critical temperature, +31°. Relative vapour density (H., == 2), 
43*97 ; (air = 1), 1*529. 

Carbon dioxide is produced when carbon burns in the presence of an 
excess of oxygen. Similar remarks a]DpIy to the combustion of many 
carbon compounds. If a beaker be held over a candle flame for a few 
minutes to collect some of the products of combustion, and lime-tvator be 
then poured into the beaker ; or if a candle be allowed to burn in a cylinder 
loosely covered with a glass plate, and lime water be added, the formation 
of a turbid solution is strong circumstantial evidence that carbon dioxide 
is present. The production of a turbidity in clear lime-water is a 
characteristic test for carbon dioxide. 

Laboratory methods. — Carbon dioxide is generally made in the 
laboratory by the action of hydrochloric acid upon calcium carbonate — 
marble, limestone, or chall?. The action is represented in symbols: 
CaCOs + 2HC1 = CaClg H- CO 2 + HgO. Calcium chloride is a by-product 
of the action. While Iwdrogen c hloride ex pels carbon diox ide from the 

Iceland spar, even at 130°, resists attack. Fragments of marble are placed 
in a Y7ouIfe’s bottle, Fig. 10, p. 58, with a quantity of water. Concentrated 
hydrochloric acid is added by means of a funnel tube. .. The gas can be 
collected, like hydrogen over water ; or, unlike hydrogen, it can be collected 
I by placing the delivery tube in an empty gas cylinder closed end down- 
* wards. The gas is so heavy that it displaces the lighter air upwards out of 
the jar — hence the term, collecting the gas ly the u^nvard displacement of air. 
The gas so collected may contain a little air. It is easy to test if the jar is 
full of gas because a lighted taper put down into the jar will, be extinguished 
when it meets the carbon dioxide as completely as if it had been immersed 
in water. 

If sulphuric acid be used in place of hydrochloric acid, the fragments of 
marble quickly become coated with a film of “ insoluble ” calcium sulphate 
which prevents further attack by the acid, and the evolution of gas prac- 
tically ceases. If the powdered calcium carbonate be suspended in water, 
sulphuric acid may be used. Marble sometimes contains sulphur com- 
pounds which lead to the, fprmatipn of sulphur dioxide, the carbon dioxide 
win then have a distinct smell of burning sulphur. By passing the gas 
through a wash-bottle containing ' a dilute sulphuric acid solution of 
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potassium, pemanganate,. most of the sulphur dioxide will be removed 
from the' gas. The ' gas., prepared as indicated above, may also contain 
steam and a little, hydrogen chloride, as well as air. A fairly pure gas is 
made by the action of dilute' sulphuiic acid on lumps of ‘‘ fused ” sodium 
carbonate. ' In symbols : NagCOg -f H 2 SO 4 — NagSO^ -h HgO + COg. 
Sodium sulphate is a by-product of the reaction. 

' Large-scale manufacture. — Some carbon dioxide for manufacturing 
operations is made by the action of sulphuric acid on magnesite, whereby 
magnesium sulphate is obtained as a by-product.' It is also made as, a 
by-product when limestone or magnesite is burned in special kilns. In 
the latter case, the gas is purified by washing in towers, etc. For some 
purposes, too, carbon dioxide mixed with atmospheric nitrogen is made 
by passing air over red-hot coke. In the brewing industry, carbon dioxide 
is a by-product developed during the action of the yeast plant on sugar, 
or materials containing sugar. This gas is then washed and pumped into 
steel cylinders to be afterwards made into mineral waters. 

Fermentation. — The formation of carbon dioxide during the process 
of fermentation is very curious. The fact can be illustrated by the 
following experiment. Shake 50 c.c. 
of treacle with 400 c.c. of water in a 
litre flask, A, Fig. 249, and add a few 
c.c. of yeast. Connect the flask with 
a glass delivery tube, B, in communi- 
cation with an empty wash-bottle, 0 , 
and another wash-bottle, D, containing 
clear lime-water. The liquid in the 
flask, if kept warm, soon begins to 
bubble and froth — ferment. The whole 
apparatus is left on one side until the 

next lesson. The lime-water will then ^Suga7.* * 

be quite turbid, and the contents of B 

may be tested for calcium carbonate as indicated below. The yeast plant 
during its growth decomposes the sugar — CeHx 20 o — solution forming 
carbon dioxide and ethyl alcohol — C 2 H 5 OH, The reaction, in symbols, 
is usually represented : C 6 H 42 O 6 ~ 2 C 2 H 5 OH 2 CO 2 . Besides ethyl 
alcohol, small quantities of other more complex alcohols are produced 
along with glycerol ; succinic, acetic, formic, and other acids ; aldehydes 
and esters are produced at the same time. Hence the^ equation just 
given represents only the main reaction, but there is quite an array of 
complex side reactions proceeding at the same time. Tlie alcohol remain- 
ing in the flask A can be partially separated by fractional ^ distillation. 
The last traces of water are removed from the distillate, boiling at about 
80^ by distillation from freshly ignited lime, or recently fused potassium 
carbonate. Ethyl alcohol, when pure, boils at 78*4'’ (atmospheric pressure). 

The raising of bread ” depends lipon the expansion of bubbles^ of 
carbon clioxide heat. The carbon dioxide is generated by the action 
of yeast on sugar or starch ; or by the action of sodium^ bicarbonate 
(''baking soda”) and a substance of acid reaction-~tartaric acid, acid 
potassium tartirate (cream of tartar), etc.. The formation of carbon dioxide 
during this reaction is shomi by exajnining the gas developed w4ien a 
mixture of cream of tartar and baking soda is moistened wdtli water. 
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§ 2. The Properties of Carbon Dioxide* 

The gas is invisible ; when breathed through the nostrils, it gives a 
tingling sensation ; and it has an acid taste. If a jar of the gas be turned 
upside down for a minute, the heavy gas falls out and air takes its place. 
The gas is therefore heavier than air ; and, as indicated above, it ex» 
tinguishes the iiame of burning bodies. These propei’ties — the invisi- 
bility of the gas, its heaviness compared with air, and its property of 
quenching flame—enable many pleasing and attractive experiments to be 
arranged, and limited only by the ingenuity and skill of the experimenter. 

Thus : ( 1) a long cardboard gutter leading into a glass trough in which a nuiiiber 
of candles are burning can be arranged. The invisible gas, carbon dioxide, can 
then be poured from a large beaker down the gutter, wiien the candles will be 
extinguished just as if water had been poured down the gutter. 

(2) A cylinder can be arranged with candles at different levels ; the gas, 
when led into the cylinder, extinguishes the candies one by one as the gas rises 
in the jar. 

(3) A w’heel of stiff cardboard can bo mounted upon two corks on a knitting 
needle journalled into a wooden standard ; paper “ buckets ” can be attached to 
the periphery of the disc by joining the edges of the paper so as to form a hollow 
cone. When carbon dioxide is poured into the buckets, the wheel will rotate, if 
properly balanced, as if it were a “ water wheel,” moved by a stream of water, 

(4) A cardboard box, or a light glass vessel can be counterpoised on a balance ; 
the beam will be depressed when carbon dioxide is poured into the box, showing 
that the carbon dioxide is heavier than the air displaced. 

(5) Soap bubbles blown with air can bo floated on the carbon dioxide in a 
large dish. 

(6) Petroleum burning in a shallow dish can be extinguished by pouring th© 
gas over the dish ; and a beaker of the gas poured over a lighted candle will 
quench th© flame. 

(7) Carbon dioxide can be ladled from a large cylinder by a small beaker 
tied on to a string. The action is analogous with the method of emptying a 
well of water by means of a bucket and rope. Finally, a candle will burn in 
the cylinder, showing that the cai'bon dioxide has been removed. The beakers 
of carbon dioxide can be emptied into another cylinder and the presence of 
carbon dioxide demonstrated in the usual way. 

Carbon dioxide is an active agent in many portable fire extinguishers* 
Some contain sodium carbonate and sulphuric acid or alum solution so 
arranged that they can be mixed and the gases generated under pressure 
when desired. If enough carbon dioxide be forced on to the burning object 
the confla^ation will be quenched. In “chemical fire engines ” the pressure 
of the gas itself is utilized to force a stream of water on to the burning body. 

Action on animals. — mouse placed in a jar of the gas will be suffocated 
in a very short time. Carbon dioxide is not particularly poisonous. Its 
harmful ejects are mainly due to suffocation (absence of oxygen). Small 
increases in the amount of carbon dioxide in air-— say 2 or 3 per cent.— 
do no perceptible harm ; 5-6 per cent, induces a rise of pulse and marked 
panting ; 10 per cent., violent panting ; above this the gas exerts a 
narcotic effect, and with 25 per cent, death will occur in a few hours ; air 
with 50 per cent, carbon dioxide can be breathed a short time without 
fatal results. The ill-effects which attend breathing in a badly ventilated 
room are probably due to the presence of moisture and temperature. 
Moist still atmospheres hinder, the proper evaporation of liquid from the- 

^ The student should never smell, or taste s^Ibstan€es indiscriminately — 
smellmg hydrogen cyanide might prove fatal • and the tasting of many substances 
would be equally disastrous. 
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stirface of the body ; the body temperature gets abiiormally Mgbj and tlie ; 
pulse ' greatly accelerated. . An atmospheric temperatui*e of 40° may not., 
appear so . distressing as one of 28° if the former permits ready evaporation 
of .moisture j and. the radiation of heat' from the surface of the body, while 
the .latter does not. ■ 

Solutions in water.— The solubility 'of carbon dioxide in water will 
be discussed later. Water dissolves about If times its volume of the gas 
at 0° 'Und 760 mm. pressure ; .and about its own volume at 15°, 760 niin. 
In .the manufacture of “ soda water ” the gas is dissolved' by the water 
under great pressure — 60--150 lbs. per square inch. The solution effervesces 
and. .froths when the pressure is- withdrawn, owing to, the escape of the 
carbon dioxide. Liquids bottled during fermentation— beer, champagne, 
kumiss, etc. — effervesce for the same reason. The same remarks apply to 
many mineral waters, e.g. the water of the Geyser Spring (Saratoga), at 
Niederselters (Hesse-Nassau), Seidlitz (Bavaria), etc., p. 178. Selters water 
Is, in England, called “ Seltzer water.” The original “ Apollinaris ” is a 
natural water from a spring in the valley of Aar near the Rhine which has 
carbon dioxide in solution and an acid reaction, while the waters of Vichy 
Neuenahr, -etc., have an alkaline reaction although the same gas is in 
solution. Apollinaris and other natural waters are imitated artificially 
and sold as ‘‘ mineral waters ” ; the natural waters are often bottled and 
exported. Soda water, ie. saturated with carbon dioxide, in the stomach 
acts as an aperient. Stale beverages are sometimes ‘‘ revived ” by 
saturating them with carbon dioxide under pressure. 

Action of heat. — Carbon dioxide is fairly stable at high temperatures. 
When heated under atmospheric pressure, at 1300°, only 0*004 per cent, 
is decomposed ; at 1400°, 0*14 per cent, ; and at 1478°, 0*32 per cent. 
The action is a reversal of the oxidation process ; 2CO3 ^200 4* Og. 
So far as we can tell, two reactions are going on simultaneously ; when 
the rate at which the 
carbon dioxide is de- 
composed is equal to 
the rate at which the 
carbon monoxide is oxi- 
dized, the two reactions 
are balanced, and the 
system is in equilibrium. 

Raising the temperature 
above 1300° augments 
the velocity of the pro- 
cess of decomposition. 

Action of metals — 
potassium , calcium, etc. 

— If the gas be heated Fio. 250. — The Action of Metals on Carbon Dioxide, 
in contact with metallic 

potassium, calcium, or magnesium, the metals are oxidized, and the 
carbon of the gas separates in a solid condition. Ca + CO3 “ 2CaO + C, 
the calcium oxide reacts with the excessnf carbon dioxide forming calcium 
carbonate: CaO + CO2 == CaCOs; while the carbon itself reduces the 
carbon dioxide; C -f 002=200. Pass carbon dioxide from a suitable 
apparatus, A, Pig. 250, through a washing bottle, JB, containing sulphuric 
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acid, and then into a bnib of hard glass, G, coiitaMng a few sliavings^ o 
metallic magnesium, potassium, or calcium. When all the air lias been 
expelled from the apparatus, the bulb is heated. The carbon dioxide is 
decomposed vigorously, forming black carbon and calcium carbonate : 
CO 2 + 20a 2CaO + 0 ; . and OaO -f COg ,= CaGOg. ' Metals like iron 
and zinc give carbon monoxide instead of carbon when heated with carbon 
dioxide: CO^ + Zn ^ ZnO 4*. 00 . . 

If a rapid* stream of carbon dioxide be passed through pure, water in 
which rods of amalgamated zinc .are immersed, a little ■ of the carbon 
dioxide is reduced to formaldehyde, H.CO.H, thus:. 002,+ 2H2. = H 2 O 
+ II.CO.H. The yield is .increased il a trace of ammonia be present. 

§3. Carbon .Dioxide'— Occurrence , and History. 

Occurrence. — Atmospheric air contains about 0*03 per cent, of its 
volume of carbon dioxide ; and on account of the occurrence of this gas in 
air, T. Bergman (1774) called it acid of air.’’ It issues from the ground 
in many places both as a gas and in aqueous solution (mineral water). 
J. B, Boussingault (1844) estimated that Cotopaxi emitted more carbon 
dioxide per annum than was generated by life and combustion in a city 
■\j.ke Paris. Owing to the fact that carbon dioxide is nearly one and a half 
limes as heavy as air, this gas is inclined to collect as a gas in old deep wells, 
in valleys, and in depressions in the ground near lime kilns ; and in certain 
neighbourhoods where carbon dioxide is evolved from volcanoes and 
fissures in the ground — e.gr. the Valley of Death (Lake of Laach, Java), 
where one traveller says the whole of the bottom is strewn with the skeletons 
of human beings, animals, and birds which have been asphj-xiated in an 
atmosphere overloaded with carbon dioxide. In the Grotta del Cane 
(Pozzuoli, Naples) there is said to be a constant depth of about 18 inches 
of carbon dioxide on the floor so that dogs entering the cave are sufi’ocated 
while men are safe. An average of the analyses of the air in the Grotta del 
Cane, by C. St. C. Deville and E. le Blanc, gave 70*3 per cent. COo ; 23*7 
per cent. N 2 ; and 6*0 per cent. O^. It is said that the Emperor Tiberius 
had two slaves chained up in the cave, and that they died very quickR. 
The student must here distinguish between the Jiow of a heavy gas like 
carbon dioxide to the lowest possible level ; and diffusion which leads to 
the dissipation of the gas into, the atmosphere. If tlie supply of gas w^ere 
not kept up, the gas which collects in the low levels would gradually be 
diffused through the atmosphere. The choke damp or black damp of 
mines and w^ells is air deficient in. oxygen and rich in carbon dioxide. It 
is said that grizzly bears are sometimes found suffocated to death by 
carbon dioxide w^hich issues from the ground in Death s Gulch (Yellow- 
stone Park, Cal.). Tremendous deposits of calcium and magnesium 
carbonates— chalk, limestone, , dolomite — as well as smaller deposits of 
other carbonates, occur in various parts of the W'orid. 

History. — Carbon dioxide has , been known for a long time, but the early 
writers confused it with air B. van Jelrnont (p. 23) called it gas 
sylveatre ^ to distinguish it froih common air. He prepared it by the action 

^ The term “ sylvestre ** ppsMbly refers to the supposed impossibility of con- 
deusing it ; or it is to be taken literally as the *■ wdid gas ” which dwells in out-of- 
the-way places; or, having prepared the, from charcoal, he thought of the 
«|^fea»-amTomidmgs of thecharctoaiburnem, ' ';v-, 
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of acids on alkalies and calcarerons' substances ; lie. showed that it was 
formed during the combustionof charcoal, dming the ferineiitatioii.and the 
decay of organic matter, and he recognized it in the “ iniiierai %vater ” at 
Spa (Belgium) ; in the Grotta del Cane (Naples), and other localities. Van 
Helnioiit also knew that the gas extinguished flame, and suffocated aninials. 
Van Helmont, however, confused it with other gases, which do not support 
combustion. J. Black (1755), however, proved the gas to be a peculiar 
constituent, ,of carbonated alkalies, being fixed ” there in the solid state. 
Hence Black called , the gas air ; ■ and T. Bergman (1774), aerial cicid. 

The chemical nature of carbon dioxide was clearly explained by Lavoisier 
who, showed it to be an ox,ide of carbon. . 

§ 4. Liquid and Solid Carbon Dioxide. 

Faraday liquefied carbon dioxide in 1823 by means of his sealed tube 
arrangement indicated in Fig. 109, and liquid carbon dioxide is now manu- 
factured as a commerical article by pumping the gas into steel cylinders 
( bombs) by powerful compression pumps. The gas from, say, the ferment- 
ing vats of a brewery (p. 801) is washed, purified, and pumped into the 
bombs for “ aerated water ” manufacture, etc. 

Properties of liquid carbon dioxide. — At —5®, carbon dioxide requires 
a pressure of 30*8 atmospheres for liquefaction; at +5®, 40*4 atms. ; 
and at +15®, 52*1 atms. ; and over 32® it cannot be liquefied by any 
known pressure. Liquid carbon dioxide is a colourless mobile liquid. It 
floats on water without mixing with it. It boils at —78*2® at atmospheric 
pressure. Carbon dioxide is used as a refrigerating agent on board ships 
where the use of ammonia for the same purpose is objectionable on account 
of the smell from slight leakages. According to a Board of Trade regulation, 
if ammonia refrigeration machines are used on hoard ship, the compression 
apparatus must have a special compartment. 

Solidification of liquid carbon dioxide.— If liquid carbon dioxide be 
allowed to escape into the air from the nozzle of the bomb, the absorption 
of heat which attends the rapid evaporation causes a portion of the liquid 
to solidify. The solid is coUected by tying a small canvas bag over the 
nozzle and inverting the bomb. By opening the nozzle for a few minutes, 
quite a lot of solid carbon dioxide can be collected. The solid can be shaken 
from the bag into a cardboard box for examination. It crystallizes in the 
cubic system. 

Properties of solid carbon dioxide. — Solid carbon dioxide is a soft white 
snow-like substance — “ carbonic acid snow.” It evaporates in air without 
melting, but under a pressure of 5 atms. it can be melted to a liquid. It can 
be handled safely provided no pressure is applied. The effect of pressure 
is to break the film of gas between the solid and the warm hand and cause a 
severe burn, or rather, a blister, resembling the blister produced by a burn. 
A horn spoon can be used for handling the material, A piece of the sol id, if 
placed inside an empty beaker, will evaporate sufficiently in a few minutes 
to fill the beaker with carbon dioxide gas to which the usual tests can be 
applied. Place some of the solid in a soda-water bottle and close the bottle 
with a rubber stopper. In a short time, the gas evolved wdll generate 
sufficient pressure to blow the stopper out of the bottle. Proper pre- 
cautions should be taken in case the bottle, should burst. A small beaker 


806 


MODERN' ..INORGANIC CHEMISTRY 


can be placed on a few drops of water on a wooden Mock. Some solid 
carbon dioxide is placed in the beaker. ; In a. few: minutes, the beaker will 
be frozen to the wood. 

Carbon dioxide “ snow ’’ dissolves in ether, and as the ether evaporates, 
a temperature approaching —110° can be obtained in air, and —140° 
under reduced pressure. The solution is a good conductor for heat, and 
serves as an excellent freezing mixture. A great many gases can ho 
liquefied by passing them through tubes immersed in this mixture. Several 
interesting experiments can be made to illustrate the change in the pro- 
perties of metals, etc., at low temperatures by means of solid carbon dioxide, 
or its solution in ether. Mercury freezes to a malleable solid resenibling 
metallic lead. 


The freezing of mereiiry is com^enierLtly demonstrated as follows : A cirenlar 
groove—1 cm. deep, 1 cm. wide, and 7 cm. diameter on the inside of the ring- 

turned, in a block of wood is filled 
about 7 mm. deep with diy mer- 
cmy. Put the wooden mould in 
I J ill II' i f ^ large porcelain dish ; fill the 

^ space arouiid the mould with 
cottonwool; cover the mercury 
iiSlHM with a 7 mm. layer of solid carbon 

i fl dioxide, or a mixture of carbon 

I' m /flip dioxide and ether. The mercury 

will be frozen in a few minutes. 
, h" Invert the mould, and the 

I mercury ring falls out. Lift the 

i- J mercury ring rapidly with a glasiS 

iMT % — ^ hook, and lower it into a cylinder 

l i i of water as illustrated in Fig. 252. 

Fia. 2.'51,-Freezing Mercury— F. G. Benedict. The ring is at once covered with 
^ ^ a layer of ice. The mercury 

melts before the ice, and leaves 
a ring of ice on the hook while it runs to the bottom of the cylinder j the ice 
itself melts in a few minutes. 


§ 5. The Composition of Carbon Dioxide. 

1. Composition by weight. — This has been established bj?- the work 
of Dumas, Stas, Erdmann and Marchand, Roscoe, Friedel, etc. A weighed 
amount of carbon — diamond, graphite, etc. — is burnt at a red heat in a 
platinum boat, placed in a porcelain tube, C, Fig. 168. The tube also 
contains a layer of hot copper oxide. A stream of oxygen purified from 
carbon dioxide by passing through wash-bottles, B, containing potassium 
hydroxide and sulphuric acid, is led over the hot carbon. The resulting 
gas, on passing through the hot copper oxide, is ail oxidized to carbon 
dioxide. The carbon dioxide is absorbed in weighed potash bulbs, D, and 
in a U-tube E containing soda lime in one leg, and calcium chloride in tlie 
other. The platinum boat containing the carbon is weighed before 
and after the experiment so that due allowance can be made for any ash 
present in the original sample of carbon. The following numbers arc 
selected from the original list of experiments : 

1*0000 gram of sugar oharcbal required ■ . . 2*6662 grams oxygen. 

1*0000 ^*am of graphite required j .. . , ,* 2*6659 grams oxygen. 

1*0000 gram of diamond ^ required 2*6662 grams oxygen. 

, Hence the combining pi' carbon and oxygen in carbon dioxide 
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are 8 grams of oxygen per. 3*001 grams of carbon ; glTing 11 *001 grams of, 
carbon dioxide ; or, 32 grams, of oxygen require 12*004 grains of, carbon to 
form 4.4*004 grams of carbon dioxide. The numbers obtained by different 
experimenters range from 11*99 to 12 * 00 , and consequently 12 is, taken to 
be the best representative, value for the. atomic weight of carbon (see p. 80). 
This experiment: not only shows the relation between the weights of carbon 
and oxygen in carbon dioxide, but it also shows that the same relation 
obtains, within the limits of experimental error, whether the' carbon be 
diamond, graphite, or: charcoal.. The chemical identity of the three last'- 
named substances was established by S. Tennant (1796) and Mackenzie 
(,1800) by showing that,, equal weights of , each furnished the same weights 
of carbon dioxide. 

2. Relative density of carbon dioxide. — This constant, determined 
by weighing an empt}^ globe, and then the globe filled with gas, shows that if 
the density of oxygen is 32, that of 
carbon dioxide is 44*26. Hence the 
molecular weight of carbon dioxide is 
nearly 44*26. This is only possible if 
12 parts of carbon are combined with 
32 parts of oxygen by weight. With 
the atomic weight of oxygen 16, and 
carbon 12*003, it follows that the formula 
of carbon dioxide must be CO a. 

3. Composition by volume.— -The 
volume of a solid is negligibly small in 
comparison with the volume of the same 
substance in the gaseous state. Hence, 
if solid carbon be burnt in oxygen, 

Avogadro’s hypothesis would lead to 
the inference that one volume of oxygen 
will form an equal volume of carbon 
dioxide : 

0 + O 2 = CO 2 
(Solid). 2 vols. 2 vols. 

This is best illustrated expedmentaily by 252.— Volume Synthesis o£ 

means of the following modification Carbon Dioxide, 

of Hofmann’s eudiometer charged 

with mercury, Fig. 252, The bulb of the right tube, Fig. 252, is charged 
with oxygen ; and the stopper which carries a bone-ash cnicible con- 
taining a chip of charcoal, is lowered into the position illustrated in the 
diagram. A slip of gummed paper is placed on the right tube indicating 
the position of the mercury when that liquid is at the same level in both 
tubes. The platinum wires are connected with an accumulator or battery. 
The small loop of platinum wire in contact with the carbon is thus 
licated red hot. This ignites the carbon which burns to carbon dioxide. 
The heat of the combustion expands the gas, but in a short time, when 
the apparatus has cooled, the level of the mercur 3 ^ is the same as before 
the experiment.^ Hence carbon dioxide contains the equivalent of its 
own volume of oxygen. 

^ The necessary adjustment of the ievelfing tube during and after the com- 
bustion will obvious. • 
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^ 6. Carbonic Acid and the Carbonates and Bicarbonates. , 

Carbonic acid. — Neither liquid nor diy gaseous carbon dioxide afects 
dry blue litmus paper, but if the paper be moistened, the litmus is coloured 
red, and the blue colour is restored when the paper is dried. There is 
little doubt that a small part of the carbon dioxide wdiich dissolves in the 
water combines with the w'ater to form carbonic acid. The aqueous 
solution of the gas turns blue litmus red. ^ Since carbon dioxide combines 
with water to form an acid, it is also called carbonic anhydride. The acid 
is probably 0=C(0H)2 or HgCOg. The acid is unstal3le, and has not 
been isolated. The acid decomposes at ordinary temperatures when the 
solutions are exposed to the air, and the carbon dioxide escapes. It is 
probable that we have to deal with the reversible reaction : HgO + CO2 

H2CO3. Only a very small quantity of the acid is formed as is evident 
from the low solubility of the gas in water. The s^^'stem is in equilibrium 
when but a small proportion of the dissolved gas has produced H^GOg. 
If a base be present, it will react with the carbonic acid and form a car- 
bonate. More HgO and CO 2 unite, and the resulting HgCOg is removed 
by the base as fast as it is formed, until all the carbon dioxide in solution 
has been converted into carbonate. 

Orthocarbonic acid conresponding with C(OH)4, or H4CO4, is not known, 
although some orthocarbonates, e,g. ethyl oithocarbonate, C(OC2H5)4, are 
familar to the student of organic chemistry. The ordinary “ carbonates/* 
now to be considered, are really metacarbonates derived from metacar- 
bonic acid, CO(OH)2. The so-called formic acid may be regarded as a 
reduction derivative of metacarbonio acid made by replacing one hydroxyl 
group by hydrogen : 


Orthoearlbonic acid. 


Metacarbonio acid. 


JJQ>C-0 

Formic acid. 


Alkali carbonates and bicarbonates. — As just indicated, the hydroxide 
C(0H)4 is unknown. The first dehydration product 0~C(0H)o is meta- 
carbonic acid, or simply carbonic acid. Carbonates contain “ CO3 ” as a 
dyad radicle. There are two possible alkali carbonates™“iiormaI and acid ; 

HO.,.^p n NaOs.^p ^ NaO,. p p. 

jjQ>C-~0 

Carbonic acid. Acid sodium carbonate. Normal sodium carbonate. 

The normal salt is formed during the first action of carbon dioxide on 
sodium hydroxide : 2ISfaOH + COg = NagCOg + H2O. Sodium bicar- 
bonate or sodium hydrogen carbonate or acid sodium carbonate, NaliCOg, 
is formed when an aqueous solution of the normal carbonate is ti'eated 
with an excess of carbon dioxido : NagCOg + HgO -f GOg ^ 2NaHC03. 
Here the radicle “ HCOg ” acts as a monad. The acid allmli carbonates, 
RHCOg, are neutral to phenolphthalein, the normal carbonates are alkaJine. 

The great avidity of soium hydroxide for carbon dioxide may be 
illustrated by several ingenious experiments. One of the simj)lest is to 

^ If the water contains traces , of hicarbonates — e,g. hard water — the litmus 
will be coloured “ wine-red ** or “ elaret-red.’’ Phenolphthalein is affected by 
carbonic acid as it is with other'' acids, methyl orange Is not afieCted. 
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coleot a cylinder of carbon dioxide oyer mercury and tlien .pipette some 
sodium hytoxide solution under tke edge of the cylinder. The sodiiini 
hydroxide rises to the top of the mercury, absorbs the gas, and the mercury 
rises . in the cylinder , accordingly. Potassium hydro.xide is ,a. better 
absorbent for carbon dioxide': than the sodium hydroxide, because when 
a gas charged with carbon dioxide is bubbled through a wash-bottle the exit 
may' become 'choked with solid sodium bicarbonate because the sodium 
bicarbonate is less soluble in water than potassium bicarbonate (p. 810). 

Solutions of potassium hydroxide are largely employed in analytical 
work as an absorbent for carbon dioxide. If air charged with carbon 
dioxide be drawn through a solution of sodium hydroxide in a weighed 
wash-bottle, the increase in w^eight represents the weight of carbon dioxide 
absorbed by the hydroxide. If the volume of the air be known, the amount 
of carbon dioxide in that volume of air follows at once. Similarly in gas 
analysis, the amount of carbon dioxide is determined from the contraction 
in volume which a given volume of the gas suffers after the gas has been 
in contact with sodium hydroxide. 

The determination of carbon dioxide in a gas. — HempeFs burette, 
previously described, is fitted with a pipette like that shown in Fig, 254. 
The cylindrical part is filled with short cylin- 
drical rolls of iron wire gauze 1 to 2 mm. mesh. 

The rolls are from 1 to 2 cm. long, and about 
5 mm. thick. The cylinder is then closed 
with a rubber stopper, and the pipette is then 
charged with a 33 per cent, solution of potas- 
sium hydroxide in water. The iron does not 
oxidize during a determination because it is 
protected by the adlierent solution, which thus 
helps to expose a large surface of the solvent 
to the action of the gas. The level of the 
potash solution is adjusted to a fixed point on 
the capillary tube, and connected with the 
gas burette by thick rubber tubing in the 
usual way. The measured volume of gas is 
driven from the burette to the pipette, and 
after standing for about a minute, the gas is 
returned to the burette. One absorption 
usually suffices to remove the carbon dioxide 
from a gas. The difference in the level of the 
burette before and after the absorption indi- 
cates the amount of carbon dioxide absorbed 
by the solution in the pipette. 

la Pettenkofer’s process (1868) for deter- Fig. 263.— Analysis of Gases 
mining small quantities of carbon dioxide in containing Carbon Bioxide, 
air, an excess of a standard solution of barium 

hydroxide is introduced into a large glass cylinder, about 10 litres capacity, 
containing the air under investigation. The whole is shaken up. The 
carbon dioxide in the air is abstracted by the baryta water: Ba(OH )2 
-t. OOa — HgO ~f BaCOg. The amount of barium hydroxide remaining in 
excess is then determined by titration with a standard solution of oxalic 
acid (using phenolphthalein as indicator), Theamountof barium hydroxide 
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ill the original solution han/be' detennined yby tito The' differenee 
represents the amount of barium hydroxide which has coinbined with the 
carbon dioxide in the air in the fiask. The concentrations of the solutions 
are usually adjusted so .that 1 c.c.-of the baryta water; mil just . 

0*001 gram of carbon dioxide. 

Example. — 50 c.c. of baryta water (1 c.g. = 1 mgrm. of CO 2 ) were shaken up 
with 10*8 litres of air at 7° and 765 mm. pressure, and the solution then required 
42 c.c. of standard oxalic acid {1 c.c. 1 mgrm. of the CO 2 ) for neutralization. 
Hence, 8 c.c. of the baryta solution were neutralized by the carbon dioxide in 
10-8 litres of air, and consequently, 10,000 volumes of air contained 3 ' 8 1 4 volumes 
of carbon dioxide. 

The distinction of carbonates from hicarbonates or Ii^drocarbonaies , — 
(1) Normal carbonates give an immediate precipitate with magnesium 
sulphate ; bicarbonates^iv^^ on boiling. (2) Calcium chloride 

m'ay'he'usecrin place of magnesium sulphate. The boiling is to remove the 
carbonic acid which dissolves some of the carbonate. Filter, and either 
boil the clear solution or neutralize it with ammonia, when the carbonate 
is precipitated. OT per cent, of sodium hydrocarbonate can be so detected 
in a normal carbonate. Ammonium salts interfere on account of the 
solubility of calcium carbonate in such solutions. (3) With mercuric 
chloride, normal carbonates give a reddish precipitate ; bicarbonates give 
no precipitate. (4) Add a mixture of bleaching powder, potassium 
bromide, and chloroform to the solution ; if hydrocarbonates be present, 
bromine is liberated and dissolved by the layer of chloroform. 

Sodium carbonate crystallizes from water as a decahydrate : 
^^Na^COs-lOH^O, in monoclinic prisms ; potassium carbonate crystallizes 
as the anliydrous salt, K2OO3. The former is efflorescent, the latter 
deliquescent. The solubilities of the carbonates and biearbonates of 
lithium, sodium, and potassium — ^grams of salt per 100 c.c. of water at 
20'^ — are as follows : 

Lithium. Sodium. Potassium, 

Carbonate (B 2 CO 3 ) 1*33 21*4 112*0 

Acid carbonate (RHCO^) ... 5*5 9'S4 26*9 

Sodium and potassium bicarbonates are, thus less soluble than the normal 
salts. Lithium bicarbonate, like the bicarbonates of the alkaline earths, 
is more soluble , than the normal carbonate. The rubidium and csesinin 
hydrocarbonates are more soluble in alcohol, and also more stable tlian the 
potassium salt. They are converted into normal salts at in an inert 
atmosphere. The solubility of sodium carbonate decreases with rise of 
temperature owing to the formation of lower hydrates. Thus between 30° 
and 50°, rhombic prisms of the heptahydrate, NagCOg.THaO, er>^stanizo 
from the solution. Crystalline sodium carbonate, NagCOg.lOHgO, molts 
at 00°, and on prolonged heating at this temperature, crystals of the 
dihydrate, Na2C03.2H20, are deposited. There is some doubt about the 
chemicai individuality of this hydrate. The higher hydrates form the 
monohydrate, NagCOg.HaO,: if dried over sulphuric acid ; all the water 
is lost at 100°. Hot concentrated aqueous solutions of pota;Ssium, carbonate 
at temperatures between 10° and 75°, deposit crystals of the trihydrate, 
K2CO3.3H2O ; these crystals, at 100°, lose two molecules of water, form- 
ing ^the^ monohydrate : K2CO3.H2O. The latter become anhydrous at 
130°. Six hydrates of potassium carbonate have been, reported, but tlie 
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evidence for those other " than the two just mentioned is not , considered 
satisfactory. Anhydrous sodium carbonate melts, at about .' 850°,' and. 
potassium "Carbonate at 880°,. mixtures of the .two melt at low’er tempera- 
tures. . . .The., eiitectic" mixture: KgCOa.+ NaaCOg— -the so.-caled /mswi 
mixture — melts about 690°. ' 


The bicarbonates are transformed into the normal carbonates on calcination. 
Sodium bicarbonate is one ingredient of baking powder, and it is lienee called 
“ baking or cooking soda.” When mixed with acid sodium tartrate (cream of 
tartar),' which has a feeble acid reaction, carbon dioxide is evolved, this puffs up the 
dough, hence the term “ salgeratus ” is sometimes applied to this salt — the salt 
which aerates, from the Latin sal, salt ; oer, air or gas. Effervescent powders 
like, “ Seidlitz: , powder are mixtures of sodium bicarbonate, 'with ''tarta.iio acid, 
.acid sodium tartrate, or some •similar acid -or salt. ■:The mixtee re.acts when 
moistened, liberating carbon dioxide. Sodium bicarbonate is used in niedicine 
for ileiitralizing the acidity of the stomach. 


Sodium carbonate and bicarbonate are hydrolyzed in aqueous solution : 
Na^COg -1- HgO ^ NaOH -h •NaHCOg, and*' the- -latter : NaHCOg ■+ HgO 
^ XaOH -h HgCOg ; and the carbonic acid dissociates as indicated above i 
HgOOg ^ HgO -{- GOg. The condition of equilibrium is therefore some- 
what complex. As a result of the hydrolysis, aqueous solutions are some- 
what alkaline, and lose carbon dioxide when warmed. The evaporatiori of 
a solution of sodium hydrocarfoonate at its boiling point in a current of air 
furnishes an impure salt which, W'hen dissolved in hot water and treated 
with 96 per cent, of alcohol until the liquid is turbid, furnishes the normal 
carbonate, the mother-liquid, when again treated with alcohol, furnishes 
crystals of Na2CO3.NaHOO3.2H2O ; the same product is obtained by 
leading carbon dioxide into a boiling solutiGn of the normal carbonate. 
There is some doubt about the chemical individuality of the so-called 
sodium sesquicarboiiate, Na2C03.2NaHC03, and it apx:)ea,rs to have been 
mistaken for Na2CO3.NaHCO3.2H2O. 

Hydrolysis of sodium carbonate. — Reference might now he made 
to the discussion on the hydrolysis of zinc sulphate, and similar principles 
can be applied to the hydrolysis of sodium carbonate. Sodium carbonate 
in dilute aqueous solutions is completely ionized : Na2C03 2Na*-f COs'h 
Water, as we have seen, is but slightly ionized : HoO ^ H* -f OHh The 
carbonate ions, CO3'', react with the H’ ions of water to form feebly 
ionized carbonic acid, HgCOg ; more water molecules ionize so as to main- 
tain the equilibrium value : HgO ^ H* -f OH' ; and the process continues 
until the concentration of the carbonic acid nfolecules has attained the 


equilibrium value : H2CO3 = 2H‘ -f CO3", When that occurs, a con- 
siderable j>rox)ortion of the H’ ions from the water have been “ withdrawn ” 
from the solution to form carbonic acid molecules, and an excess of OH' 
ions remains in solution, “ paired,” so to speak, with the Na" ions of sodium 
hydroxide. The scheme may be represented ; 

+ + 

2Ho0^20H'+2H; 

■ I I 
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in the original solution can be determined by titration. The difference 
represents the amount of barium hydroxide which has combined with the 
carbon dioxide in the air in the flask. The concentrations of the solutions 
are usually adjusted so that 1 c.c. of the ba,ryta water will just precipitate 
0*001 gram of carbon dioxide. 

Example. — 50 e.c. of baryta water (1 c.c. = i mgrni. of CO3) were shaken up 
with 10*8 litres of air at 7® and 765 mm. pressure, and the solution then required 
43 e.c. of standard oxalic acid (1 c.c. = 1 mgrm. of tlie CO 3) for neutralization. 
Hence, 8 o.c. of the baryta solution were neutralized by the carbon dioxide in 
10*8 litres of air, and consec^uently, 10,000 volumes of air contained 3*814 volumes 
of carbon dioxide. 

The distinction of carbonates from hicarbonates or hydrocarbojiaks . — 
(1) Normal carbonates give an immediate precipitate with magnesium 
sulphate ; bicarbonates^ive a.p^ocipitate on boiling. (2) Calcium chloride 
fnaTh'e'usedln place of magnesium sulphate. The boiling is to remove the 
carbonic acid which dissolves some of the carbonate. Eilter, and either 
boil the clear solution or neutralize it with ammonia, when the carbonate 
is precipitated. 0*1 per cent, of sodium hydrocarbonate can be so detected 
in a normal carbonate. Ammonium salts interfere on account of the 
solubility of calcium carbonate in such solutions. (3) With mercuric 
chloride, normal carbonates give a reddish precipitate ; bicarbonates give 
no precipitate. (4) Add a mixture of bleaching powder, potassium 
bromide, and chloroform to the solution ; if hydrocarbonates be i^resent, 
bromine is liberated and dissolved by the layer of chloroform. 

Sodium carbonate crystallizes from water as a decahydrate : 
^^NagCOg.lOHaO, in monoclinio prisms ; potassium carbonate crystallizes 
■' as the anhydrous salt, KgOO^. The former is efflorescent, the latter 
deliquescent. The solubilities of the carbonates and bicarbonates of 
lithium, sodium, and potassium — grams of salt per 100 e.c. of water at 
20° — are us follows : 

Lithium. Sodium, Potassium. 

Carbonate (PvaCOg) 1*33 21*4 112*0 

Acid carbonate (RHCO 2) ... 5*o 9*84 26*9 

Sodium and potassium bicarbonates are, thus less soluble than the normal 
salts. Lithium bicarbonate, like the bicarbonates of the alkaline earths, 
is more soluble than the normal carbonate. The rubidium and csesium 
hydrocarbonates are more soluble in alcohol, and also more stable tba.n the 
potassium salt. They are converted into normal salts at 175° in an inert 
atmosphere. The solubility of sodium carbonate decreases with rise of 
temperature owing to the formation of lower hydrates. Thus between 30° 
and 50°, rhombic prisms of the heptahydrate, Na2C03.7H20, crystallize 
from the solution. Crystalline sodium carbonate, Na2C03.10Ho6, melts 
at 60°, and on prolonged heating at this temperature, crystals of the 
dihydrate, Na2C03.2H20j arp deposited. There is some doubt a.bout the 
chemical individuality of this hydrate. The higher hydrates form the 
monohydrate, Na.^COg.HaO, if dried over sulphuric acid ; all the water 
is lost at 100°. Hot concentrated aqueous solutions of potassium carbonado 
at temperatures between, 10° and 75°, deposit crystals of the trihydrate, 
KgCOg.SH^O ; these crystals, at 100°, lose two molecules of water, form- 
ing the monohjj^drate : K2CO3.H2O. The latter become anhydrous at 
130°. Six hydrates of potassium carbonate have been x’eportedj but the 
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evidence for those other than the two just mentioned is not considered 
satisfactory. Anhydrous sodinm carbonate melts at about 850", and 
potassium carbonate at 880°, mixtures of the two melt at lovrer tempera- 
tures. The 'eutectic ■ mixture :, ' d-.-NagCOg— the so-called fimon 

'mixture — melts about 690°. 

The bicavbonates are transformed into the normal carbonates on calcination. 
Sodium bicarbonate is one ingredient of baking powder, and it is lienee called 
" baking or cooking soda.” When mixed with acid sodium tartrate (cream of 
tartar), which has a feeble acid reaction, carbon dioxide is evolved, this puffs up the 
dough, hence the term “ sakeratus ” is sometimes applied to this salt — the salt 
which aerates, from the Latin sal^ salt ; aer, air or gas. Effer%’’escent povrders 
liim Seidlitz powder ” are mixtui*es of sodium bicarbonate wdth tartaric acid, 
acid sodium tartrate, or some similar acid or salt. The mixture reacts when 
moistened, liberating carbon dioxide. Sodium bicarbonate is used in medi(.*ine 
for neutralizing the acidity of the stomach. 

Sodium carbonate and bicarbonate are hvdrolvzed in aqueous solution : 
NasCOs + H.O ^ NaOH + NaHCOg, and*^ the latter : NaliCOg + HbO 

NaOH + HoCOg ; and the carbonic acid dissociates as indicated above : 
HgCOg ^ HgO -|” COg. The condition of equilibrium is therefore some- 
what complex. As a result of the hydrolysis, aqueous solutions are some- 
what alkaline, and lose carbon dioxide when w^armed. The evaporation of 
a solution of sodium liydi'ocarbonate at its boiling point in a current of air 
furnishes an impure salt which, when dissolved in hot water and treated 
with 96 per cent, of alcohol until the liquid is turbid, furnishes the normal 
carbonate, the mother-liquid, when again treated with alcohol, furnishes 
crystals of Na2C03,NaHC03.2H20 ; the same product is obtained by 
leading carbon dioxide into a boiling solution of the normal carbonate. 
There is some doubt about the chemical individuality of the so-called 
sodium sesquicarbonate, Na2C03.2NaHC03, and it appears to have been 
mistaken for Na2CO3.NaHG63.2H2O. 

Hydrolysis of sodium carbonate. — Reference might now” be made 
to the discussion on the hydrolysis of zinc sulphate, and similar principles 
can be applied to the hydrolysis of sodium carbonate. Sodium carbonate 
in dilute aqueous solutions is completely ionized : Na.oCOg ^ 2Na*+ COg'b 
Water, as w”e have seen, is but slightly ionized : H2O ^ H' -b OH'. The 
carbonate ions, CO3", react wdth the H’ ions of water to form feebly 
ionized carbonic acid, HoCOg ; more water molecules ionize so as to main- 
tain the equilibrium value : HgO ^ H* 4- OH' ; and the process continues 
until the concentration of the carbonic acid molecules lias attained the 
equilibrium value : HoCOg — 2H’ -j- CO3". When that occurs, a con- 
siderable proportion of the H* ions from the water have been “ withdrawn ” 
from the solution to form carbonic acid molecules, and an excess of OH' 
ions remains in solution, “ paired,” so to speak, with the Na* ions of sodium 
hydroxide. The scheme may he represented : 

NagCOg ^ 2Na* + 00/ 
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All aqueous solution of sodium carbonate behaves in many ways like 
a solution of sodium hydroxide — turns red litmus blue, etc.— and the ionic 
hypothesis thus shows how this action can be referred to the presence 
of an excess of OH' ions. If an hydrochloric acid solution bo added to 
a solution of sodium carbonate, the H‘ ions of the acid unite directly with 
the OH' ions in the solution to form water, and if just sufficient HCl be 
added to remove the OH' ions, the solution will contain nothing more 
than Na‘. and CF ions such as would be obtained by dissolving sodium 
chloride in water. The CO3" ions of carbonic acid, and the Ci' ions of 
the hydrochloric acid, are competing for the Na* ions, but carbonic acid 
is very feeble in comparison with hydrochloric acid ; and carbon dioxide 
formed by the dissociation^ not ionization, of the carbonic acid is volatile 
under the conditions of the experiment and escapes from the solution. 

Calcium carbonate and bicarbonate.-— Calcium carbonate has been 
previously studied, p. 390. Calcium carbonate is precipitated when a 
soluble carbonate, say, sodium carbonate, is added to a soluble calcium salt : 
CaCla + NagCOg = (^aCOs + 2NaCl. Calcium carbonate is also precipi- 
tated when a current of carbon dioxide is passed into lime-water : Ca(OH)2 
-{-002 ~~ CaCOs -f HgO. Hence clear lime-water is rendered turbid by 
contact with carbon dioxide. This is a common test for carbon dioxide. 
Baryta water is still more sensitive. If an excess of carbon dioxide be 
passed through the solution, some of the calcium carbonate redissolves, 
and if the solution be not too concentrated, the turbidity may be clarified. 
This is due to the formation of a soluble calcium bicarbonate, Ca(HC0g)2 — 
acid calcium carbonate or calcium hydrogen carbonate : CaCOg + HgO 
-|- CO2 ^ CaH2(COg)2. The relations of these carbonates -vrill appear from 
the graphic for muise : 


Carbonic acid. 


Acid calcium carbonate. 


Ca<°>C=0 

Normal calcium 
carbonate. 


The acid carbonate is not very stable and it cannot be isolated by 
concentrating the aqueous solution, since it decomposes on exposure to 
the air ovdng to the escape of carbon dioxide and the precipitation of 
calcium carbonate ; the solution likevdse decomposes when boiled : 
Ca(HC03)2 == CaCOg + HgO -f- CO2 i ^tnd when treated with lime w^ater, 
the two lime compounds react, precipitating calcium carbonate : 
Ca(HC03)2 + 0a{OH)2 2CaC03 + 2H2O. The bicarbonates of the 
alkaline earths have been isolated hy mixing solutions of ammonium or 
potassium bicarbonate with the corresponding chloride all cooled to 0". 
With calcium chloride, potassium bicarbonate furnishes a white crystalline 
precipitate with the ultimate composition Ca(HC03)2 : CaC03.1‘75H2C03. 
There is an interesting, double carbonate of c^cium and magnesium wdiich 
occurs in nature as the mineral dohfnite, and wdiose composition can be 
represented by the formula MgCOg.CaCOg, either as a s did solution, or 
as MgCa{G03)2, a derivative: of calcium hydrooarbonate : 


OH HO. 

Calcium hydrocarbouate, 


o=c<|? 


•0— Ca— 0 

Dolomite. 


>c=o 


The carbonates are not quite insoluble in water ; 100 c.c. of water*, in 
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contact at 8 ’ 7 ^- 8 * 8 °, dissolve 0*0016 gram. of' bariiim .carbonate ; 

0,*007 gram of calcium carbonate ; ^and ■■ 0 * 0 . 0008 ' gram of strontium 'car- 
bonate, ■ Bure , calciuni carbonate impartS' an' alkaline reaction to v^.ateij 
.probably oyittg to 2CaC03--+.2H20 ^Ca^HCGg)^ + Ca.(OH)2. . ■ 

The precipitatioii of. tli'e carbonates, of' the,' alkaline earths l3y aiiiiiioniiim 
carbonate . is'^ 'a reversible reaction: CaCla + {NH4),2C03 ;F^,,.CaC03 
“j- 2NH4CI Hence an excess of ' ammonium carbonate favours more 
complete 'precipitation, and the' presence' of ammonium chloride leads 
to a resolution of the precipitate. .Magnesium carbonate is hydrolyzed 
by, much water, and a basic carbonate is precipitated. A" solution . of 
magnesium carbonate in water saturated with carbon dioxide and contain- 
ing about 13 grains of carbonate per ii. oz. is the fluid mugwesia of the 
druggist. A basic magnesium carbonate is -precipitated by adding sodium 
canbonate to the solution of a magnesium salt. The composition of the 
precipitate depends upon the temperature, concentration, etc., of the 
solutions at the time of precipitation. Cold dilute solutions of magnesium 
sulphate and sodium carbonate give the magnesii carbo?ias levis (light 
magnesium carbonate) of pharmacy, and hot concentrated solutions give 
mag'iiesii carho^ias 2^onderosa (hemy magnesium carbonate). The former 
is not so dense a powder as the latter ; both are called JIagnesia alba, and 
have approximately the same composition : 3MgC03.Mg{0H)2. Some 
consider that the normal carbonate is first formed and immediately 
hydrolyzed by the water. The insolubility of magnesium hydroxide leads 
to its Joint precipitation with the carbonate. 

Cadmium, zinc, mercury, lead, and copper carbonate, like magnesium 
carbonate, are readily hydrolyzed, and produce basic carbonates. In 
the case of solutions of salts of iron and aluminium, alkaline carbonates 
preci|>itate the hydroxides. It is supposed that the hydrolysis of the 
aluminium carbonate is here complete. Ammonium carbonate gives a 
white precipitate of ferrous carbonate in a boiling solution of ferrous sul- 
phate ,* the precipitate rapidly oxidizes, becoming green, bluish-green, and 
finally red ferric hydroxide. Air-free solutions should be employed, and 
the pharmaceutist’s ferri carbonas saccharata is ferrous carbonate which 
has been rapidly mixed with a solution of sugar ; this protects it from 
rapid oxidation. Normal zinc carbonate occurs native as calamine, 
ZnCO-j, and the normal carbonate is precipitated from soluble zinc salts 
by potassium hydrogen carbonate. The excess of carbon dioxide is used 
to prevent hydrolysis. Cadmium does not form a normal carbonate. 

Two basic copper carbonates — malachite, CuC03.Cu(0H)2, and azurile, 
or azure covper ore, 20uC03-Cu(0H)2 — occur in nature ; 

^ , C03-~-Cu~OH 

OH '"^‘^C03 -~Cu-- 0H 

Malaclnte, Azurite. 

The former is usually green, the latter azure blue. Both have been 
made artificially by precipitation from solutions of copper salts by alkali 
carbonate. Ciystals of malaoMte can be obtained by allowing a piece 
of chalk to stand in a solution of copper nitrate, until basic copper nitra-te 
crystals are formed, and allowing these to stand in a solution of sodium 
carbonate for a few days. Azurite 'is produced by heating crystallized 
copper nitrate with pieces of chalk under a pressure of about 4 atmospheres. 
Verdigris or copper rust has nearly the composition of malachite. 

' 2,b., , 
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§ 7. Ammonium Carbonates. 

In J. L. Gay-Lussac’s study of the combination of gases by volume, 
he found that dried ammonia and carbon dioxide unite in the molecular 
proportions 2 : 1, forming a white solid. If the gases be very thoroughly 
dried no sign of chemical action occurs. It was at first thought that the 
white solid is ammonium carbonate, but it was afterwards found that 
whatever be the first product of the reaction a curious intramolecular 
change occurs and there is produced an ammonium salt of an amido- 
carbonic acid, now called carbamic acid, NHo.CO.OH, that is, ammonium 
carbamate, isHo.CO.ONH,., or graphically : 


HO 

HO 


>C==0 


Metacarbonic acid. 


=0 


HO . p 

Carbamic acid. 


NH4O 

NHo 


>c,=.o 


Ammonium carbamate. 


The reaction is reversible 2NH3 + ^^2 ^ iSIHo.CO.OKH^. Ammonium 
carbamate reacts with water forming normal ammonium carbonate, 
(EH4)3C03, symbolically NHo.CO.OKH^ + HoO ^ (NH4)2C03. 

The alchemists obtained a sal volatile by heating animal matters in a 
closed vessel, or by distilling stale urine — spirihis urirue. Extravagant 
recipes were sometimes given, and special medical virtues were attributed 
to sal volatile |)repared in special ways. Thus, “ 5 lbs. of the skulls of 
persons who had been hanged should be distilled with 2 lbs. of dried 
vipers,” and the product was extolled as a cure for epilepsy, B. Dossie 
showed in 1758 that sal volaiih obtained in different ways %vas essentially 
the same product. The salt is made by subliming a mixture of two parts 
of calcium carbonate and one part of ammonium chloride or sulphate. 
The product when resublimed in the presence of a little water is a white 
fibrous mass of ammonium hydrocarbonate, NH4(HG03), mixed with a 
little ammonium carbonate which can be removed either by washing it 
out with alcohol, or exposing the salt to the air — when the carbamate 
volatilizes. Ammonium liydrocarbonate decomposes at 60°, and does 
not smell of ammonia ; the commercial product smells of ammonia 
owing to the dissociation of the contained carbamate. The normal 
carbonate can be obtained by treating the commercial salt with a con- 
centrated aqueous solution of ammonia at 12°. If the commercial salt 
is treated with concentrated ammonia at 30°, ciystals of the so-called 
ammonium sesquicarbonate, 2NH4{HC03).(BH4)2.C03.H20, are formed. 

§ 8. Lead Carbonates— White Lead. 

Normal lead carbonate, PbOOs, is precipitated when an alkaline 
bicarbonate is added to a soluble lead salt ; a basic carbonate is preci- 
pitated if normal alkaline carbonate is used. It is also precipitated by 
adding ammonium carbonate , to. lead nitrate, or by passing carbon dioxide 
into a solution of lead nitrate or , acetate. Native lead carbonate, PbCOg, 
is called cerussite. It is isomorphotis with aragonite, CaCOg, and vitheiite, 
BaCOg. Barium does not. fom. a basic carbonate, and normal barium 
carbonate does not lose carbon dioxide so readily as lead carbonate. 
The latter decomposes at .about 200° into lead monoxide and carbon 
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dioxide ; ; and '.at tlie-same'. temperature it is readily, reduced to the metal 
bj’' carbon , monoxide* The' most important basic lead, .dicarbonate ' 'has 
approximately ' tlie.'...composi^^^^ 2PbC03.Pb(0B[)2 ; it is .known, as white 
lead' . ox ceruse^ and it ..was' once made "by '.exposing lead to the vapour of 
putrid liriiie.' ' White lead is largely ' employed' .as. a pignieiit, and in'the 
manufacture of pottery, glazes. ' It is made by a number of' diSerent 
processes. 

The first product of the action of a slow current, of carbon dioxide 
on a solution of dibasic lead acetate is a colloidal product, insoluble 
in cane sugar solutions, and ivith a compositioneorresponding with a basic 
lead monocarbonate, PbC03.Pb(0H)2, . A precipitate corresponding with 
basic lead dioarbonate, 2PbC03.Pb(6H)2, is obtained when the gas acts 
for a longer time; and the prolonged action of the gas gives a product 
apx)roxiinatmg PbCOg, >Some therefore argue that white lead must be 
a mixture of the basic carbonate PbC03.Pb(0H)2 with the normal car- 
bonate, but in a more or less amorphous or colloidal state. Hence two 
hypotheses as to the nature of white lead are in the field : one postulates 
that white lead is a true chemical mdividuai, a basic dicarbonate, or a, 
basic monocarbonate. GraphicaUy : 


Pb-COg 

Normal 

carbonate. 


p, CO,-Pb-OH 
Pb— OH 

Basic dicarbonate. 


p CO^-Pb-OH 


Basic monocarbonate. 


The other assumes that wliite lead is not a chemical individual, but 
rather an adsorption mixture, since both white lead and normal lead 
carbonate can withdraw lead hydroxide from solutions of basic lead acetate. 
The amount adsorbed — the equilibium condition — is determined by the 
basicity of the solution. This argument was supported by E. Euston ( 1914 ) 
showing that calcium, barium, and zinc ca-rbonates behaved similarly ; 
thus, calcium carbonate forms an adsorption mixture, 2CaC03.Pb(0H)2 ; 
barium sulphate, 3BaSO,j.Pb(OH)2, etc. The fact that a solution of 
ammonium chloride will remove lead hydroxide from these mixtures, 
■while a solution of sugar will not, is taken to mean that the carbonate 
and hydroxide in white lead are not merely mechanically mixed, but are 
yet so firmly united as to be properly considered in chemical combination. 

Stack or Dutch process of manufacturing white lead. — The old so- 
called Dutch vinegar process — said to have been “ old ” in 1662 — is 
supposed to give a better product than any other process. The time when 
ceruse was efisoovered is quite uncertain ; both Pliny and Dioscorides 
speak of its preparation and of the use made of it and rouge, by the Boman 
ladies, as cosmetics to improve ” their appearance. A layer of 3 per 
cent, acetic acid is placed in the bottom of a large number of earthenware 
pots. A roll of thin metallic lead is placed on a shoulder in the pot above 
the acetic acid. The pots are placed upon a bed of spent tan bark from 
the leather-tanning yards. ^ The layer, of pots is covered with boards. 
A layer of tan bark is placed on the boards, and then a second row of pots 
similarly charged, A chamber is nearly filled with pots in this manner. 
There are many variations in the methods of placing the pots, etc. For 
instance, in Cookson’s works, Newcastie-.on-Tyne, ' “ straps ’’ of blue ’’ 
lead are laid over rows of plain pots as illustrated in Fig. 254 . The pots 

3. Wet hay or dung has also been used. 







■MODERH : INOEGAOTG :: CHEMISTBY 


are charged with acid as before, and rested upon tan bark, and boards, 
resting on supports A, separate one layer from another. Tiie lead acid 
pots and tan bark are thus confined in a series .of little . chambers. . In 
about twelve weeks, most of the lead wilt have been transformed into 
compact masses of white lead. The stacks are then unloaded and the 
white lead is crushed in a mill ; any lumps of unchanged lead are removed. 
The white lead is then ground up with water : passed into settling tanks, 
and finally dried. 

The reactions which occur in each chamber are probably as follows : 
The heat developed by the decomposition of the tan bark volatilkes the 
Tan bark ®icetic acid wiiicli forms 

in v/riting 


convenience 

the equations, put A, for 
the radicle of acetic acid 
an.d the acetates, viz, 
C2H3O2. The reaction 
just mentioned is sym- 
bolized : 2 HA. + 2 Pb -f 0 ^ 
=.PbA2.Pb(OH)2.' The 
basic acetate so formed 
is decomposed by the 
carbon dioxide evolved 
during the deeoinposi- 
,tion,of':the.ban .bark....,,. „A' 
mixture of normal lead 
acetate and basic lead 
carbonate is formed : 
3[Pbl2.Pb(OH)2] + 2CO2 = SPbig 4 - 2PbC03.Pb(0H)2 + SHgO. The 
lead acetate in the presence oi air and moistoe reacts with more lead, 
forming more of the basic lead acetate : 2PbA2 + 2 Pb -f Og + 2H2O ~ 
2[PbA2-Ph( 011)2]. A small amount of lead acetate Avill thus serve for the 
manufacture of an indefinite amount of white lead. 

The chamber corrosion process. — In this process straps of “ blue 
lead — about six inches wide and over a yard long— are hung on a series of 
horizontal bars arranged in tiers. Air, acetic acid vapour, steam, and 
carbon dioxide are admitted into the chamber maintained at the most 
favourable temperature. In about forty-five days the chambers are 
“ drawn,*’ and the corroded lead is washed, etc., as before. 

Many other more rapid processes have been proposed, e.jgr. electrolytie 
processes. In Thenard’s process carbon dioxide is passed into a solution 
of basic lead acetate made by boiling litharge with lead acetate. The rapid 
processes may furnish a product of equal chemical purity with the stack 
processes, but the consumer frequently prefers white lead made by the 
older and more expensive stack process. The difference between white lead 
made by the different processes is not a question of chemical composition. 
The covering power of white lead made by the stack and corrosion pro- 
cesses is usually greater than that prepared by other processes. As a result 
less white lead is needed to impart to a given surface a given degree of 
opacity. White lead is liable td turn yellow or brown when exposed to 
the air of towns owing to the formation of lead suipliide, PbS, For some 


Fig. 254. — Section tbrongh Lower Comer of a 
White-lead Stack (Diagrammatic). 
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purposes, therefore,. white, paints' made from zinc oxide, lead sulphate, or 
barium .sulphate are. preferred in spite of their low covering power. 

§ ,9. Hard and Soft Water. ' 

, -Water .comes .very near to- the “'universal solvent ^" (p.' 189') of the 
alchemists’ - dreams. Natural water holds carbon dioxide in solution, and 
when .such water comes in contact with magnesium and limestone rocks, 
.some, may be dissolved. Water holding magnesium and calcium salts in 
solution, is said to be a hard water. . The term is applied- on account of 
the difficulty of obtaining a soap lather with such Water. Soap is a conn 
pound of sodium with a fatty acid. The soap is decomposed by magnesium 
or calcium salts. The fatty acid unites with the latter to form an insoluble 
curdy precipitate. Tins action continues until ail the lime and magnesian 
salts have been precipitated. Any further addition of soap at once pro- 
duces a lather, and the soap can then be used as a cleansing agent. If a 
soiution of soap of definite strength and a definite volume of water be 
employed — and this can be made by finding what volume of a given soap 
solution is required to produce a permanent lather with a solution of 
calcium chloride of knowai concentration-— say equivalent to one gram of 
calcium carbonate per litre— the hardness of a given sample of water can 
be represented in terms of the amount of soap required to produce a 
lather — T, Clark’s soap test. The hardness of water thus refers to the 
“soap-destroying power” of the water, and it is expressed in degrees. 
Each degree of hardness corresponds with one grain of calcium carhonafet 
or its equivalent in other calcium or magnesium saMs, per gallon of ivater. 

Example, — 6 c.c. of a standard soap solution (1 c.c. = O’OOl grm. CaCOrt) 
were required in titrating 50 c.c. of water in order to produce a lather which 
persisted for 5 minutes after the bottle containing lather and soap solution had 
been well shaken. Hence, the water had 12 parts of calcium and magnesium 
salts — hydro carbonates, sulphates, nitrates, and chlorides — equivalent to 6*4 grams 
of calcium carbonate by weight per 100,000 c.c. of water. To convert this number 
into grains per gallon, mulfljjly by 0*7. The result, 8*4, represents the number 
of grains of calcium carbonate per gallon of water. The hardness of the water 
on Clark’s scale is therefore 8*4. 

Hai'dness is also expressed in part-s of calcium carbonate, or its equi- 
valent, per 100,000 parts of water. Waters containing but small quantities 
of lime and magnesian salts lather freely with soap and they are accord- 
ingly called soft waters. A water less than 5^ hardness may be called 
“ soft,” and a water between 18° and 20° hardness is “ moderately hard,” 
and if over 30° hardness, “ very hard.” Very soft waters are liable to 
attack metals like lead, zinc, and iron. 

The process of removing lime salts from hard 'water is called softening 
the water. In the case just cited, soap is the softening agent. If the 
hardness of the water be due to the presence of acid carbonates of calcium 
or magnesium, mere boiling will soften tbe \vater because, as indicated 
above, the acid carbonates are then decomposed, and the normal carbonates 
are precipitated. In T. Clark’s process for softening water (1841), the 
necessary amount of xnilk of lime or lime-water is added to convert all the 
acid carbonates of lime and magnesium into the normal carbonate. We 
have here the curious paradox — “ add lime, to remove lime.” The theory 
of the action has been previously -discussed, p. 813. Lime containing 
magnesia is best avoided in water^ .softening, since the magnesia does no 
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effective work in tiiis connection;, and merely increases 
sludge to be handled. 

Hard water may be wholly or partially softened by boiling. That part 
of the hardness so removed is termed temporary hardness ; the degree 
of hardness which remains after prolonged boiling is called permanent 
hardness. Temporary hardness is due to the presence of calcium and 
magnesium bicarbonates ; permanent hardness is due to the presence 
of calcium and magnesium chlorides or sulphates.^ After removing the 
temporary hardness, if present, by boiling or by^ Clark’s lime process, 
the permanent hardness may^ be removed by the addition of sodium car- 
bonate. The boiling as well as the alliali carbonate processes of softening 
v/ater w'ere known towards the middle of the 18th century and were 
described by T. Bergman (1778). The sodium carbonate precipitates the 
calcium and magnesium as insoluble carbonates : CaSO^ -f- Na^COg 
=CaC 03 4- NaoSO^. The water still contains sodium sulphate and sodium 
chloride, but the presence of a small quantity of these salts is not usually/- 
objectionable. Sodium carbonate remove temporary as well as 
permanent hardness. In R. Cans’ zeolitic or permutite process (1907) 
the water is passed through a layer of powdered artificial zeolite— -called 
commercially permuiiie — made by fusing a mixture of quartz sand, china 
clay, and soda ash. The calcium and magnesium salts in the water react 
with the zeolite forming insoluble calcium and magnesium zeolite, and a 
soluble sodium salt. This removes both temporary and X-^^^mianent 
hardness. Iron and manganese salts are also removed by^ this process. 
The exhausted ” zeolite is revived by passing a concentrated solution 
of sodium chloride through it. The calcium and magnesium zeolite reforms 
sodium zeolite. The processes used for softening potable hard w^ater may 
thus be summarized: (1) Distillation; (2) Boiling; (3) The addition of 
lime with or without soda ash or other chemicals ; (4) The zeolite or permu- 
tite process. The first process is usually too expensive. 

The Report of the Bivers Pollution Commission classified unpolluted 
water as shovm iir Table LII, which represents the average of a number 
of analyses of each ty/pe (parts per 100,000). 


Table LIT. — Average Composition of XInpolluted Natural Waters. 







.-s,' 

v' 


I: . 





O ■" 


p 

% 

CQ 

Sh 

sa 
s g 


Hardness, 

Class of Water. 


o 

o 

§ 

g 

.S 

o 

I 

<D 




i 

If 

§) 

O 

g 

l§ 

1 

■y:i 

o 

B 

K 

'■ CS„. 

1 

S’' 

P 

Eain . . , 

2*95. 

0-070 

b*0id 

^%029::' 

0*003 

0*042 

0-822 

0*4 

0*5 

0*9 

Upland surface , 

9*67 

0*322 

0*032 

0-002 

0*009 

0*042 

1-130 


4*3 

6*8 

Peep well . 

43*78 


0-018 

0-012 

0*495 

0*522 

6*11 

16*8 

9*2 

'26*0 

Spring . . . 

28*20 

0*0£56 

0*013 

0-001 

0*383 

0*39(> 

2*49 

11*0 

1 

7*6 

18*6 


^ There is a kind of “ pseudo-hardness ” due to the insolubility of soap in 
water containing sodium oHoride.; ' The so-called ‘‘marine soaps’’ are fairly 
satMactory for such waters# ■ — 


819 


, 'THE OXIDES' OE- CARBON 

Boiler scale. — *Tlie ftirring ” of kettles, and the, formation of “ boiler 
scale/’ iS'.due.to the .precipitation of calcinin and' Biagne>siiim salts. Boiler 
scale is a poor conductor of heat,, and hence the effic,ienc 5 '‘ , of . a boiler 
.which has “"scaled” is seriously impaired. ■ The boiler, scakv and the metal 
have dift’ereiit rates of ' contraction and .expansion by .lieat. „ If the v- ater 
in the boiler gets .low, and the metal overheated, the “ scale ’’may separate 
from the, metal. If cold water now, runs into the boiler,, the scale quickly 
cools, contracts, and cracks. ' Water pours .through the cracks on to the 
hot metal ; a large volume of steam is generated, and the sudden pressure 
may be great enough to, burst the boiler. Hard water in steam, boilers not 
only produces “ boiler scale,” but it may corrode the boiler shell, and 
eaiise '' foaming ” and “ bumping.” The coiTOsion and pitting of boilers 
is usually produced by soft waters from swampy disti-icts which contain 
organic acids in solution ; by water from mining districts containing 
mineral acids in solution (e.g. sulphuric acid from the oxidation of pyrites, 
g.v.) ; and by water containing magnesium or calcium chlorides and 
nitrates. A great many nostrums for preventing boiler scale and corrosion 
have been proposed. In some, the water is treated before it enters the 
boiler ; in others, the water is softened in the boiler itself. Whatever 
agents be used, they must be cheap ; easily applied; yield no acid when 
used ; and precipitate the salts which make the water hard/in a fiocculent 
powdery condition, easily blown from the boiler. 

Among the eommoner agents are : sodium or calcium hydroxide, and sodium 
carbonate discussed above ; sodium aluminate, NaAiOo, which acts as represented 
by the equation ; 2NaA102 + Ca(HC03)2 + 2H20= Na^gCOg -f 2Al{0H)3+CaC03; 
barium aluminate, BaiAlOg), acts in a similar way; sohium fluoride which acts ; 
2 NaF -}- Ca(HC03)2 = 2NaHC03 -i- CaFg ; normal sodium phosphate which acts r 
SNajPO^ 4 - SCaSO^ — SNagSO^ + Ca3(I^04)2 ; etc. 

Hard water in nature. — ^Rain-water percolating through limestone 
rocks becomes liighfy charged wdth dissolved calcium bicarbonate ; such 
water in dripping througli the roof of a cave or subterranean cavern will 
be exposed to the air ; as a result, some carbon dioxide escapes from the 
solution, and a certain amount of calcium carbonate is deposited. Each 
drop of water adds its own little share of calcium carbonate. The deposit 
grows — maybe on the roof, when it is called a stalactite ; maybe on the 
fiooi', when it is called a stalagmite. All depends upon the time occupied 
by each di*op in gathering and dropping, how fast the carbonate is deposited. 
Measurements of a stalactite in the Ingleborough Cavern (Yorkshire), made 
in 1830 and 1873, show that it grew at the rate of 0*3 inch per annum. The 
San Eilippo spring (Tuscany) is said to deposit “ lime ” at the rate of 
12 inches a month, and the spring has formed a bed of limestone rock 
250 feet thick, l-J miles long, and J mile wide. The stalagmite grow-s 
upwards from the ground, and the stalactite grows downwards, like an 
icicle, from the roof. In time, the two may meet and form a |>illar. 
Fig. 255 conveys but little idea of the beauty of some limestone caverns 
in wdiich stalactites and stalagmites have been growing. The photograph 
shows stalactites, stalagmites, and pillars which have no doubt been formed 
in this manner. There are some very fine grottos, caves, or caverns in 
Castieton and other parts of Derbyshire, in the Isle of Skye, Antiparos 
(ArcMpelago), in the Hartz (Oermany), Auxiile (France), Ne\v South 
Wales, Auckland, United States,' .and numerous other' limestone districts. 



820 


MODEB^N INOBGAOTG CHEMISTRY 


The building stone called travertine (Tiberstone) is probabty a limestone 
deposited from a mineral spring. The Colosseum and much ox ancient 
and modern Rome were built with this stone. 



Fig. 255. — Stalactites and Stalagmites in the Yarrangobilly Caves, N.S.W* 

§ 10. Alkali Manufacture. 

The manufacture of soda is one of the greatest, if not the greatest of benefits 
which modern science has conferred on humanity. — A. Anatast. 

Before 1793, sodium carbonate was made from the ashes of seaweeds 
and potash carbonate from the ashes of land plants. Several methods 
were Icnown at that time for converting sea salt into sodium carbonate, 
ejj, C. W. Scheele, about 1776, converted salt into soda by treating a 
solution of salt with lead oxide and passing carbon dioxide into the filtered 
solution. When Napoleon closed the European ports to English and 
American ships the main sources of supply of sodium carbonate and 
potashes were cut off. To ease the demand, Napoleon offered a prize of 
100,000 franos for a process of manufacturing soda from common salt. 
The prize was won by N. Leblanc, 1794, who proposed a method of nianu- 
factme which held its own for over 100 years ; although it has recently 
succumbed, for a long time it fought successfully against a serious rival in 
the ammonia-soda or Soivay’s process ; and both processes had to compel’e 
against electrolytic processes. Had it not been for the commercial value 
of the by-products of Leblanc’s process, there can be little doubt tliat it 
would have been ousted long before it actually was. 

As a matter of historical interest, Collison, in England, patented a 
similar process ten years earlier than N. Leblanc, viz* in 1782. 

Leblanc's process is an interesting example of what could be done in 
application of a series of chemical operations on a large scale. The process 
was conducted in three stages : (1) The conversion of sodium chloride into 
sodium sulphate— the so-called — by heating it with sulphuric 
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acid, (ii) Tlie conversion of the salt-cake into hla-chash hy.lieatiiig it' to' .a, 
high teiiiperatnre : with , limestone and coke.. Black ash .is .a mixture,,, of 
calGimii, ,siilpiiide, ., sodium ' carbonate, .etc,.: -f CaCOg d- 2 G. 

= GaS 4- NagGOg.-f 2 CO 2 . ..('iii) The' .extraction ...of sodium, carbonate 
from the black- ash by leaching it ■with water, and purifying the .product 
by crystalMzatioii. (iv). The recovery of -sulphur from the undissoived 
biack-asii. C. F. Glaus and A, M. Chance suspended the residue in water, 
treated it with carbon dioxide': 00^ -f Ca(SH). 2 .+ H 2 O CaCOg + 21128 . 
The hydrogen sulphide, mixed with sufficient oxygen to burn the hydrogen, 
but. not tlie,,suiphuiv was' passed into. a kiln ■ containing iron .oxide, By 
catalytic action, the iron oxide .accelerated the- oxidation'' of the' hydrogen 
sulphide :■': 2 H 2 S -+ G 2 '= 2 H 2 O -f- '2S. , Most of the sulphur wliich separated 
collected as a molten fluid at the bottom of the Min or in an adjoining 
brickwork chamber, and was periodicali^vrim off. Tanlc waste was also 
used for the manufacture of sodium thiosulphate A factory in 

which soda ash is made is called an “ alkali works.” A works using the 
Leblanc process was divided into several departments; ( 1 ) The acid 
works where sulphuric acid was made; (2) Salt-cake works; (3) Black- 
ash works and iixiviation ; (4) WMte-ash (soda ash) works ; (5) Bleaching 
powder works where the hydrogen chloride from the salt-cake works was 
converted into chlorine and the latter converted into bleaching powder ; 
and ( 6 ) Sulphur extraction from tank waste. 

J, Thomsen’s cryolite process.— A small proportion of the world’s supply 
of sodium carbonate is made from cryolite by calcining a mixture of that 
mineral vith calcium carbonate ; XagAlFg + SCaCOs = Na 3 A 103 + SCaFg 
+ 3 CO 2 . product' — called cryolite ash is leached with water. Sodium 

aluminate passes into solution. This is treated with carbon dioxide: 
2 Na 3 A 103 4“ 3 CO 2 + 2 H 2 O == 2A1(0H)3 + SNaoCOg. The precipitated 
alumina is mainly used for making alum ; the sodium carbonate is 
crystallized from the solution. 

Electrolytic processes. — The electrolytic processes of manufacture 
depend upon the formation of sodium hydroxide during the electrolysis 
of aqueous solutions of sodium chloride. The chlorine obtained as a by- 
product is used in the manufacture of bleaching powder. The hydioxide 
is converted into sodium carbonate by treatment with carbon dioxide, 
whicli is obtained as a by-product in the fermentation industries, etc. 
Everything is utilized so tiiat the cost essentially depends upon the price 
of the current used. 


§ 11, The Ammonia-Soda or E. Solvay’s Process. 

It is claimed that this process was used by Fresnel in 1811, by Vogel 
in 1822, and by J. Thom in 1836 ; but the real history of the process dates 
from the patent of H. G. Dyer and J. Hemming in 1838. Several improve- 
ments were subsequently devised by numerous chemists, but the process 
v/as not successful until' E. Solvay took it in hand between 1861 and 1872. 
This j^rocess depends upon the fact that when a concentrated solution 
of sodium chloride is saturated with ammonia, and carbon dioxide is passed 
through the mixture, ammonium carbonate is formed in the flrst stage of 
the operation, and that this reacts with, the sodium chloride producing 



m 


MODERN INORGANIC CHEMISTRY 


Bodimii carbonate : 2NaCl ^ {NH4)2C03 ^ Na2C03 


■ 2Nh:4Cl 


Some- 


tiiiies a little sodium carbonate precipitates before all the ammonia is 
carbonated, in any case some sodium carbonate is precipitated and that 
remaining in solution is further carbonated : Ka^GOg + GOg -f HgO 
2NaHC03, and then precipitated. It is highly improbable that the 
ammonia is converted into ammonium bicarbonate, {NH4)HC03, which 
then undergoes double decomposition with the sodium cliloride : (a) because 
ammonium bicarbonate is Just as sparingly soluble as sodium bicarbonate 
in the mother-liquids, and would therefore be precipitated ; and {h) such 
a reaction would be endothermal, whereas the actual reaction is exothermal 
in agreement with : OOg + HgO + NagCOg = 2NaHGOjj -r 1S*4 Cals. 
The reactions are all reversible, and the amount of sodium chloride con- 
verted into the bicarbonate depends on the relative concentrations of all 
four salts. Yvh Mason’s analysis (1914) of the solution w'hen the precipi- 
tation begins shows that 50 per cent, of the sodium chloride has decomposed 
and 1T8 per cent, of sodium carbonate is in solution. Q?he mother liquid 
remaining after the precipitation of the bicarbonate contains in grams per 
100 c.c. : 


NaCl 

8-5 


(NH4^)2C03 


while the precipitate contains ; 


NaCl 

0-2 


NaHCOg 

71-3 


NaaCOo 


NagCOg 

0*5 


NHg 

0'5 


78*1 


24*0 per cent. 


The aim of the industrial chemist is to establish the conditions necessary 
to make the left to right reaction ahnost complete, a certain fraction of 
sodium chloride is certain to escape conversion. If sodium carbonate is 
needed the bicarbonate is calcined : 2NaH003 — NagCOg -f- HgO -f OO^. 
This carbon dioxide forms part of that used in the first state of the opera- 
tion. The mother liquid remaining after the separation of sodium bicar- 
bonate is treated with lime obtained by burning limestone: CaCOg 
— CaO 4- GOg ; and the ammonia is recovered : 2NH4OI GaO = CaClg 
+ HgO 4- 2NH3. The ammonia and carbon dioxide evolved in these 
two operations are used again. Thus calcium chloride is the only by- 
product which is not utilized. Great care has to be exercised in the 
manufacturing process to avoid losses of the relatively expensive ammonia ; 
the chlorine of the salt appears as a by-product — calcium chloride~~in 
a form which cannot be economically recovered. Actually more salt is 
. needed in the manufacturing process for a given weight of carbonate than 
in Leblanc’s process. On the other hand, the ammonia-soda process shows 
its superiority to Leblanc’s process : (1) The manufacturing costs are less 
because brine direct from the salt beds can be used ; (2) There are no 
noxious by-products ; and (3) The jfinal product is less contaminated with 
impurities. 

: ■ The process ean he illtistrated -by connecting an apparatus, d, for generating 
ammonia, Pig, 256, and' an apparatus, for making washed carbon dioxide 
with a tower, <7, filled with a saturated solution of sodium chloride and fitted 
with four perforated iron discs as shown in the diagram. The tower is provided 
with an exit tube dipping in a beaker pf water. The solution is first saturated 
with ammonia, and then with, oarbon, dioxide, ^ In about an liour, crystals or 
sodium bicarbonate will be.dep^t^.on the perforated shelves 
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■ Potassium carbonate: cannot be made 'by Solvay’S; process because acid 
.potassium carbonate is too soluble. ^ A great deal, of the potassium car- 
bonate of., commerce is 
made by Leblanc’s' pro- 
cess. It is also made 
from the potassium chlo- 
ride or sulphate, of .the, 

Stassfnrt deposits by 
forcing carbon .dioxide 
.into a solution of potas- 
sium. , chloride containing' 
magnesium chloride, , A 
complex . ' ■ double cG,m- ' 
pound of magnesium 
carbonate and potassium 
hydrogen carbonate is 
formed. This is decom- 
posed by steam; the magnesium is precipitated as hydroxide; and the 
clear solution is evaporated for potassium carbonate. 



S 12. Percarbonates. 


E. J. Constam and A. von Hansen (1896) found that when a saturated 
aqueous solution of potassium carbonate is electrolyzed at a tem]3erature 
below —10°, a sky blue precipitate separates, which, when dried over 
phosphorus pentoxidc, is nearly white. The precipitate is a mixture of 
potassium carbonate and potassium percarbonate — ^K2C^2^r> KCO3, 

which may be graphically represented by one of the formulae : 


0 = C<gK 


0 or 0 : 


.C<0-0K KO^O: 


0 


SymmetricaL 


Unaymmetrical. 


Neither the acid nor the anhydride C2O5 has been isolated. The 

percarbonate decomposes on gentle warming, giving potassium carbonate 
and a mixtuic of carbon dioxide and oxygen : 2K2C0O6 = 2K2CO3 2CO2 
-f O2. It furnishes hydrogen peroxide when treated with dilute sulphuric 
acid or dilute alkalies : + 2H2SO4 — 2KHSO4 -j- HgOg ; 

KoC^Oq -f 2KOH ™ 2K2CO3 4- H2^2* ^ strong 

oxidizing agent like hydi’ogen dioxide or sodium dioxide. For instance, it 
converts lead sulphide (PbS) into lead sulphate ('PbS04), bleaches indigo, 
etc. It forms with manganese and lead dioxides the corresponding car- 
bonates, and at the same time reduces the dioxide : PbOg -f* KgCgOg 
== PbCOg “h Og. The dry salt keeps unchanged for an indefinite 

period, and some accordingly prefer potassium percftrbonate to less stable 
salts as a source of hydrogen peroxide in certain analytical operations ; 
oxidation of sulj)hides to sul|)hates, chromic salts to chromates, hypo- 
chlorites to chlorides, titanium and vanadium to the coloured peroxides, 
etc. A similar compound, isomeric with prepared by electrolysis, 

can be made by the action of carbon dioxide on a cold solution of sodium 
peroxide. This compound behaves 'differently 'towards a’ solution of 



824 


MGBEEiNv IHOEGAOTG CHEmSTEY 


potassium iodide whether \added.'^ as solid or^ as .a: Solutioii5^ and differently' . 
from the percarhonate prepared by electrolysis, 

S, Tanatar (1899) prepared yet a third ' percarhonate by dissolYing' an 
alkaline carbonate in', a 8. per- 'cent, solution of ^hydin^pn .peroxide, and 
after a few minutes, precipitating the salt by the addition of et,her. ' The 
same sait.is obtained by the action of carbon dioxide.on a, soliitioii of, say, 
sodium peroxide in water. The salt has the ultimate composition NagCO^. 
Just as the acid H2CO3 corresponds with sulphurous acid H2SO3, so the 
salt ]S[a2C04 might be supposed, at first sight, to correspond with salts of 
sulphuric acid— HgSO^ ; but the constitution of Taiiatar’s percarl/onate Is 
generally taken to be 

ONa* 


Salts of the type, / HagGO,! are called monoperoxycarbonates— €.^. ' 
(lSfH4)2C04.2H20— and salts of the : type Na^CaO^j ■ are called' monoper* . 
oxydicarbonates. The acid corresponding with HgCO^ has not been 
prepared. The aqueous solutions of the salt Na2C04 readily decompose 
into sodium carbonate and hycbogen peroxide. On heating, the salt 
forms sodium carbonate and oxygen, but no carbon dioxide. 

The ail^aline solutions decompose rapidly yrhilo the acidified solution 
(presumably containing hydrogen dioxide) is much more stable. 

Some of the so-called percarbonates prepared by the action of h^ydrogen 
peroxide on the carbonates seem to contain “ hydrogen peroxide of crystal- 
lization ’’ — e.g. EhaCOg.SHaOa — and these salts liberate veiy little iodine 
from a neutral solution of potassium iodide under conditions where the 
true percarbonates give a quantitative yield of iodine. It may be added, 
en passant^ that similar remarks apply to the sulphates and persulphates. 
Hence, a distinction must be drawn between the true peroxy-salts, and salts 
containing hydrogen peroxide of crystallization. 


§ 13. The Solubility of Gases in Liquids. 

Our study of the solubility of gases in liquids (p. 188) may now be 
resumed. The solubility depends upon the nature of the gas and of the 
solvent, as well as upon the temperature and pressure of the system. No 
^‘common’’ solubility has been observed, and we have no generalization 
of such wide applicability as Boyle’s and Charles’ laws. Some gases are 
only slightly soluble in water, others dissolve very copiously. One volimie 
of water, at normal temperature and pressure, will dissolve 1200 volumes 
of ammonia, and but 0*021 volume of hydrogen. 

Kinetic theory of gaseous solution. — The kinetic theory of gases 
furnishes a mental picture of the process of solution of a gas in water. 
Suppose that a gas-foee liquid be brought into a vessel containing a gas. 
The molecules of gas impinging upon the surface of tl>e liquid witf be 
absorbed. The dissolved molecules move about in the liquid in all 
directions, a small number escape back into the gas above. As the 
molecules of the gas crowd more and more in the liquid, the number of 
molecules absorbed by the liquid becomes more and more nearly equal 
to the number which escapes iaiok into the superincumbent gas, * If the 
pressure of the gas remains constant, a time will come when the number 



THE OXIDES OF OABBON 


825 , 




•Tlie systeiii is'" then, in a state of dynamic equilibrium resembling the 
equilibrium of a vapour in contact with its own liquid, and the solution 
is. saturated with the gas under the given 'conditions, of temperature and 
,pressure. ' " ■; 

O2 gas ^ O2 sol. 


I 

m 



The .'surface of the liquid in contact with a dissolving gas must be very 
quickly saturated with, the gas, and the rate of absorption of a gas by a 
liquid at rest is really a measure of the rate of diffusion of the gas from 
the surface through the body of the liquid. The molecules of the liquid 
must have some attractive influence on the. molecules of the dissolved gas. ^ 
'Influence of pressure,- — ^With , gases which,' are not very soluble in 
liquids, the greater the pressure, the more soluble the gas ; that is, the 
greater the pressure, the greater the concentration of the gas in the solu- 
tion. W. Henry (1803) discovered an important relation between the 
pressure and the solubility of a gas. Under a total pressure, of 2 atmo- 
spheres, a saturated solution of gas holds in solution twice as much gas by 
weight, te, as under a total pressure of 1 atmosphere. Otherwise expressed, 


the weight, of gas 
absorbed by a given 
volume of liquid is 
directly ^ proportional 
tO' the pressure, p, or 
% 0 lp = a constant. x4.c- 
cording to Boyle’s law, 
the concentration of a 
gas, or the amount of 
gas 'IV in an enclosed 
space, is proportional 
to the pressure. One 
volume of a gas at 
atmospheric pressure 



will make half a volume 


of gas at a pressure of 2 atmospheres. Under a pressure of 4 atmo- 
spheres, a saturated solution of gas holds four times as much gas in 
solution as it did under a pressure of I atmosphere, but four volumes 
of gas at atmospheric pressure occupy but one volume at a pressure 
of 4 atmospheres. Imagine a cylinder graduated into five equal divi- 
sions, Fig. 257, and one division filled with water, and four divisions 
with carbon dioxide. The cylinder is closed with a lightly fitting 
frictionless piston. When everything is in equilibrium, the w^ater 
dissolves its own volume of carbon dio:^ide and the piston falls one 


division. Imagine the gas now compressed 2 atmospheres ; the piston 
will be at divi^sion 2 and as the liquid dissolves its own volume of gas, 

. the piston falls to the 3 division. Hence follows Henry's law : under 
equal circumstances of temperature, water takes up in all cases the 
^ same volume (c) of a condensed gas as of gas under ordinary pressure/' 

That is to say, cip ^ a constant.. The law thus describes the behaviour 
of the less soluble gases very well-— carbon monoxide, nitrogen, hydrogen, 

I xt is probjible that the attractive forces between the molecules of the liciuid 
and the dissolving gas determine the coefficient of solubility of the different gases, 
■y , , otherwise we should expect the solubility of certam ^oups of gases to be the same. 
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ozygen— but not the more soluble gases like ammonia, hydrogen chloride, 
suipimr dioxide. The deviation is not very great with caibon dioxide, 
though it is apxareciable : 

Pressure (p), . .. 1 ' 6. 10 ■ 15 20 .25, 30 .afcms. 

Solubility (c) . . 1-SO 'S-OS 16*03 21'95 26*65 30*66 S3*74 vols. per c.g. 

c/p. . 1*80 1*73 1*60 1*46 1*33 1*22 1*12 

The graph, Fig. 258 , represents the observed values of /jp and c ; and 
the dotted curve in the same diagram represents what the graph •would 
have been had carbon dioxide behaved as described by Henry’s law. 
The value of c/p is not therefore quite constant. The constant for the 
solubility of ozone in water is •j^<yY-H 2 S 04 , at 20 ° is 0*28, and at 0°, 0*i4, 
In the case of carbon dioxide, the failure arises from the fact that carbon 
dioxide reacts chemically ^yith water. Henry’s law refers (1) to gases 
* wliieh do not act chemically on the solvent. When carbon dioxide dis** 
solves in water, one portion enters into combination to produce a new 
substance — carbonic acid — ^while the other portion dissolves in the physical 
sense as carbon dioxide. The latter portion alone comes within the 

province of Henry’s 
law. The condition 
of the , carbon . di.-„ 
.oxide dissolved by, 
the .water, is .there- , 
fore, represented 
..by : CO... + 

.H 2 CO 3 .:, 

.Henry’s law also,, 

, assumes (. 2 ). that ..the./ 
■molecules' of, dthe 
dissolved ' gas / are 
■no heavier . than ■'the ■, ' 
.molecules .of . .t,he,,gas^ 
itself. Hence it may 
be inferred that if a gas obeys Henry’s law, it will have the same 
molecular weight in solution and in the gaseous condition. Henxy’s 
law is therefore to be regarded as a link coimeeting the molecular weights 
of gaseous and dissolved substances with one unit of measurement. If 
32 , grams of oxygen depress the freezing point to tlie same extent as 
342*2 grams of cane sugar, it is inferred that the molecular weights of 
oxygen and cane sugar are related as 32 : 342*2 ; and since oxygen gas has 
a molecular weight of 32 , it is assumed that cane sugar if it could be 
vaporized, and if its gas obeyed Henry’s law, w*ould have a - molecular 
weight of 342 * 2 , because, as indicated above, the molecular weights of a 
substance in solution and, in the gaseous state are the same. 

Henry’s law and the kinetic theory. — ^The gas is in equilibrium with 
its own solution when the number of molecules wliieh escape from the 
solution is the same as those wMoh are captured by the solution in a given 
time. By, say, doubling the pressure the molecular concentration will 
be doubled, the gas molecules iwill; be crowded more closely together, and. 
the rate at which the solution captures the molecules will be increased 
twofold for the new state of equilibrium. Similarly the rate of escape 
Will be doubled, and consequently the ntuhber of dissolved molecules will 
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be clouMed. Hence variations of pressure do not alter the relative ' number 
of, molecules, per unit volume of solution and. of g:as ; and the volume of, 
gas dissolved ydll, be: iiide|)endent .of the pressure, on the gas,, while the' 
weigM.oi gas dissolved will he directly proportional to the pressure, 

■ Measuring^ the solubility' of gases.—The solubility 'of gases in a liquid 
can be convenientiy determined in the .following apparatus, .modified from 
that .used by U, Heidenhain and L. Meyer (1863). The pipette C (Fig. 259) 
is filled with a measured volume of the liquid under investigation.^’ It is 
comieoted with a HeinpeFs burette by means' of a piece of metal tubing 
of narrow bore. The gas under investigation is,, introduced into the 
iiieasuring tube A, vid the thi^ee-way cocks.. C and .A, by first raising and 
then lowering the levelling' tube B. A definite volume of liquid is then 
run from the pipette G by opening the 
lower cock and putting the pipette 0 in 
communication with the burette. A cer- 
tain amount of gas enters the pipette. 

The contents of the pipette are then 
agitated, and when all is in equilibrium, 
and the liquid is saturated and the mer- 
cury in the burette and levelling tube 
are at a constant level, place the lower 
end of the absorption pipette beneath 
a vessel of mercury, and bring the liquid 
in the pipette to its former level The 
diminution of the volume of gas in the 
burette represents the volume of gas 
absorbed by the volume of liquid in the 
pipette at the temperature and barometric 
pressure at the time of the experiment. 

To vary the temperature of absorption, 
the burette and pipette must be kept in 
a liquid or vapour bath at the desired 
tempex'ature, and the measurements made 
when everything is in equilibrium. 

R. Bunsen (1855) applied the term absorp- 2S9-— Determinatioii of the 

tion coetncient to the volume of gas reduced bombiuty o.t Orases, 

to n.p.t. which one volume of the liquid will 

absorb at 0^ when the pressure is 760 mm. Thus, the coefficient of absorjstion of 
hydrogen at T is 0-020, meaning that at this temperature one volume of water 
will absorb a volume of hydrogen equivalent to 0*020 volume at n.t.p. Thus, 
if V volumes of gas are absorbed by u volumes of liquid at T and p mrn, 
pressure, then if represents the volume V reduced to n.p.t. it follows 

from Henry’s law that if this volume be absorbed at a pressure p, 760/p times 
this volume will be absorbed at 760 mm. pressure. Hence, the volume of gas 
absorbed by ti volumes of liquid at n.p.t. will be or the amount dis* 

soh’ed by unit volume of liquid will be vT^juTf and this is the coefficient 
absorption o£ the gas. W, Ostwald (1888) used the term solubility for the ratio 
of the volume of gas absorbed to the volume of the absorbing liquid at any 
specified temperature and pressure. Thus, for the above-mentioned condition, 
the solubility of the gas at T® is that, is, Tf^jT times the coefficient of 
absorption, , , . 

Exahpue.— O. F. Tower (1906) observed that 27*22, o.c. ol 93 per cent, sulphuric 
acid at 18*5° and 714*6 mm. barometric pressure absorbed 0*58 c.e. of nitrogen. 
Hencej the soIubiUty coefficient of the gas in this acid is 0*58/27*22 = 0*0213, or 
reduced to’760 mm. 0*022T. 
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It Blight be emphasized, in passing, : that 'when a .gasns. dissolved iiv a 
liquid at a given temperature, the ratio between the concentration of the 
gas in the liquid and' in ' the ■'space' above is always the same. . Thus 
Henry’s law is a law of . ' distribution .for gases because it describes the 
way a gas distributes itself between the solvent and the space above. 
Henry’s law also describes the condition of equilibrium of a gas whose 
molecules are physically and chemically independent of each other, and 
of the solvent. 

The influence of temperature.— -The solubility of a gas in a liquid is 
very sensitive to changes of temperature. The higher the temperature, 
the" less the solubility of the gas. The solubility curve for lielium is not 
much aflected by changes of temperature up to 50^, but what little effect 
there is seems to indicate that the solubility of the gas increases as the 
temperature rises from 25^" to 50°. Hydrogen was once supposed to 
behave in a similar way, hetw^een 0° and 25°, but later, moro careful 
measurements show that the solubility decreases steadily from 0-0214 
at 0° to 0-0171 at 26° 

§ 14. The Solubility of Mixed Gases — Dalton’s Law. 

Wlien a mixture of two gases is exposed to the action of a solvent, 
the quantity of each gas dissolved by the liquid depends upon the amount 
and the solubility of each gas present. The amount of each gas deter- 
mines its partial pressure, and since the partial pressure of each gas 
is independent of the others, it follows that when a mixture of gases is 
exposed to the action of a solvent, the amount of each gas which is 
dissolved by the solvent is proportional to its partial pressure. Each 
gas behaves as if the others were absent. This is Dalton’s law. It 
is a simple extension of Henry’s law. 

Application to air. — air containing, say, 79 volumes of nitrogen 
and 21 volumes of oxygen, and 0*04 volume of carbon dioxide, is shaken 
up with water, the amount of each gas absorbed by the w’ater can be 
approximately computed in the following manner : The relative soiubili- 
ties are: nitrogen, 0*02; oxygen, 0*04; and carbon dioxide, T70. The 
partial pressure of each gas is proportional to the relative amount of that 
gas present in a given volume of air. If the pressure of air be just one 
atmosphere, the partial pressure of the nitrogen will be proportional to 
0*79 X 1 ; of oxygen, 0*21 X 1 ; and of carbon dioxide, 0*0004 X 1. 
Hence the relative amounts of these gases absorbed by the ^ea•te^ will 
be : nitrogen, 0*79 X 0*02 0*0158 ; oxygen, 0*21 X 0*04 0*0082 ; and 

carbon dioxide, 0*0004 X 1*79 — 0*00072. Hence 1 c.c. of w^ater dis- 
solves 0*0158 c.c. of nitrogen ; - 0*0082 c.c. of oxygen ; and 0*00072 c.c. 
of carbon dioxide. The composition of the dissolved gases, if removed 
from the air by boiling, or exposure to a vacuum, will bo ; nitrogen, 
63*9 per cent. ; oxygen, 33*2 per cent. ; carbon dioxide, 2*9 j)er cent. 
The relatively large solubility of carbon dioxide is counterbalanced 
by its low partial pressure,; otherwise we might expect a heavy rain 
storm to remove a great part of the carbon dioxide from the atmoq^here. 
Mallet has based a proposal to separate oxygen from atmospheric air on 
the action. If the carboh dioxide be, removed by passing the air through 
, ■■ V'-;' ^egleetmg'.argon, etc.- "V: , .. 
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an acjiieons solution of sodium- hydroxide, the oxygen and , nitrogen in: 
the, . remaining gases after the first -absorption will be nearly in the pro- 
portion': nitrogen 65-7 per cent., and-. oxygen 34*3 per cent. If this 
inixtiire be' driven from the water- by boiling, and the mixture again 
treated with, air.-free water, a gaseous mixture containing 4:9 per cen't. of 
oxygen is obtained; and after the eighth absorption, a gas coiitaiiiiiig 
98 per cent, of oxygen results, ' The method is not practicable, though, it 
is a , 11 interesting application of Henry’s and Dalton’s laws. 

Examples. — (1) If a litre of water dissolves 25*12 e.c. of air, show that tlie 
oiixtiu’e of gases obtained by boiling this water will contain 8*2 c.e. of ozcygen 
I5*S c.e. of nitrogen ; and 0*72 c.e. of carbon dioxide. 

(2) Show that the mixture of gases expelled from water on boiling is bet'.^'een 
71 and 72 times as rich in carbon dioxide as normal air. 

(3) The solubility of hydrogen is 0*02, and of oxygen 0*04 ; calculate the 
volume of each of these gases which would be dissolved by iOOO c.e. of- water 
from an electrolytic mixture of hydrogen and oxygen. 

According to Wrobiewsky, the crystalline hydrate, COg.SHgO, is formed 
when aqueous solutions of carbon dioxide at 0*^ are subjected to a pressure 
of 12 atmospheres ; and P. Villard obtained crystals of the hydrate 
COg.bHoO ; he likewise obtained crystals of the hydrates X.>0.6HoO ; 
SO..6H2O; and CH3CL6H2O. 


§ 15. Van der Waals’ attempt to obtain a more escact Gas Equation. 

‘‘ All nature widens upwards. Evermore 
The simpler essence lower lies. 

More complex is more perfect, owning more 
Discourse, more widely wise.” — Anon. 

We have seen that the gas equation does not describe the beliavioixr 
of real gases with respect to changes in volume with variations of tempera- 
ture and pressure. The same gas does not behave in the same way at 
high and at low pressures. For many gases — hydrogen, oxygen, etc. — 
the laws of Boyle and of Charles are fairly exact at temperatures and 
pressures not far removed from normal atmospheric conditions ; and 



Fig. 260. 


where they are not — carbon dioxide, ethylene, etc. — it is often con‘\'^enient 
to neglect the small deviations. This means that gas calculations wdtli 
pv = BT are made upon imaginary gases, sometimes styled idecd or perfect 
gases. When the pressure upon the gas is very great, the error becomes 
quite apxcreciable, and it is necessary to revise the simple gas law: 

(1) Molecular co-volume. — ^Let, 5 denote the space occupied by the 
molecule as it moves to and fro between;the boundary walls AB, Fig. 260. 
If this distance be halved, A€, Fig. 260, while the. volume of the molecule 
remains comstant, the molecule will have less than half its former distance 
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to pass from one side to the other. ^ It will therefore strike the walls 
more frequently than before. Hence- the, outward pressure of the mole- 
cule will increase more rapidly with decreasing - volume than is described 
by Boyle’s law’. Boyle’s law refers to the wdiole; volume of the : gas, but 
rather should it refer to the space in which the moleeules move. We there® 
fore write u — 6 in place of v in Boyle’s law, and the result is : 

p{v — h) = MT 

where b is called the '‘co-volume,” or "vibratory volume” of tlie mole'- 
cule.- 

(2) Molecular attraction.—The closer proximity of the molecules to 
one another, the greater will be the effect of the attractive forces between 
the molecules. This attractive force will tend to make the gas occupy a 
smaller volume. The effect is much the same as if the gas were subjected 
to the action of a greater external pressure than the observed or apparent 
pressure of the gas. The assumption that the attractive force betw^'een 
the molecules varies inversely as the fourth power of the cListance between 
the molecules leads to a/v^ as the magnitude of the molecular attraction, 
where a is a constant which varies with the nature of the gas. Granting 
the assumption, ajv^ must therefore be added to the observed pressure of 
the gas in order to indicate the total pressure tending to compress the gas. 
On correcting the equation pv = BT for the volume and the cohesion of 
the molecules, we obtain the so-called J. D. van der Waals’ equation (1872) ; 

This amended equation agrees fairly wed with a number of observa- 
tions of gases under large pressures, and of gases which are near their 
points of liquefaction — e,g* ethylene, carbon dioxide, etc. It also describes 
many of the properties of liquids, and of the continuous passage of a gas 
to the liquid condition. The constants a and h must be evaluated from 
observations. The numerical values of the “ constants ” in van der 
Waals’ equation are not always quite constant at different temperatures. 
Quite a number of attempts have been made to still further modify the 
gas equation so that it may describe the behaviour of gases under wide 
variations of pressure and temperature. J, D. van der Waals (1888) found 
that for carbon dioxide, R = 0'00369 ; h ~ 0*0023 ; and a = 0’00874. 
Let us find how van der Waals’ equation describes the behaviour of carbon 
dioxide under variations of pressure. This gas is known to deviate 

^ suppose represents two units, and the diameter of the molecule 
unit ; the molecule then moves through 1*9 units of sj^ace ; and in JIC through 0*90 
unit, not 0*95 unit, in passing from one boundary wall to the other. 

^ Certain assumptions introduced into the kinetic theory have led to the 
view that 6 is relatively near four times the material volume of the molecule ; 
the assumptions have not been^ so .firmly established that there is no room for 
doubt, and some consider that ‘represents the real vohime of the molecules 
others that 6 is much greater th^, 4 times the volume of the material nucleus, and 
that 5 is not constant but varies, somewhat with changes of temperature and 
pressure. A molecule seems to be. a. complex vibratory system with a material 
nucleus which requires b volumes of space in which to perform its oscillatory 
movements. Hence, 6 is sometimes called the “ vibratory volume ” of the 
molecule* . • -V,/,.-'- 
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considerably from the pv — 1 required by Boyle’s law* On .comparing 
the values of pvioT carbon dioxide, .calculated from. the equation, at .20® : 

_ 0.0023^ = 1-08 

with the numbers observed by E. H. Amagat {1893) at 20®, we get : 


i 

atmospheres. 

pv. 

Observed. 

Calculated. 

1 

1-000 

1*000 

50 : 

0-680 

0-.67S. ' 

.7f> 

0-1 SO 

0-179 

100 

0-228 

0-226 

200 

0-219 i 

0-111 

500 

0-938 

0-936 


The agreement between theory (van der Waals’ equation) and fact (the 
observed data) is quite good. It will be remembered that if the gas 
behaves according to the equation pv ~ BT> pv would have the same 
value for ail pressures. As a matter of fact, the value oi pv first decreases 
and then increases for all gases except hydrogen and helium. The two 
corrections act in opposite ways. At first the value of pv is decreased by 
the molecular attraction, and increased by the finite dimensions of the 
molecule. At low^ pressures, the correction for molecular attraction pre- 
ponderates over that required for the volume of the molecule ; while the 
correction for the volume of the molecules is relatively large wdien the 
volume of the gas is compressed very small by a large pressure. {Of, 
pp. 99, 105.) Several attempts have been made to still further impirn’e 
the gas equation by the introduction of other terms, involving special 
constants which have to be evaluated from the experimental numbers. 
They are therefore of very limited application. 

I 16. The Critical State of Gases, 

The ordinary gaseous and liquid states are only widely separated forms of the 
same condition of matter, and may be made to pass into one another 
by a series of gradations so gentle that the passage shall nowhere presenfc 
any interruption or breach of continuity. Gas and liquid are only distant 
stages of a long series of continuous physical changes. — T. Andbews. 

Ill 1869 T. Andrews found that if carbon dioxide be gradually com- 
pressed in a vessel suitable for the observation, the volume diminishes 
moi'c rapidly than would occur if Boyle’s law correctly described the 
behaviour of the gas ; and when the pressure attains a certain value, the 
gas begins to liquefy, A further decrease in the volume does imt change 
the pirossure, but only increases the quantity of gas liquefied. At length, 
wdien all the gas has liquefied, a large increase of pressure only causes a 
minute decrease in the volume of the liquid, since liquids in general undergo 
but a small change of volume on compression ; 
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If the experiment be made with carbon dioxide at 0% tlie gas com- 
iiienees to liquefy when the pressure has attained 354: atmospheres ; if 
at 131 '"j liquefaction commences at 48 '9 atmospheres pressure ; if at 30°, 
at TO atmospheres x>ressure; while if the temperature exceeds 31°, no 
pressure, however great, will liquefy the gas. Other gases exhibit similar 
phenomena. For each gas there is a particular temperature above 
which liquefaction is impossible, however great be the applied pressure. 
Andrews called this the critical temperature of the gas. For instance, 
the eiitical temperature of : 


Hydrogen, . . . . —211° . Nitrous oxide . , . + 35° 

Ni'trogm ..... '—146° ' 'Ammonia ' . . ' .■ . '-f-130° 

Oxygen . . , . . ■. —119° ■. Sulphur dioxide '■ . +165° 

Carbon dioxide . . . + 31° Water . . ... +368° 


The pressure required to liquefy the gas at the critical temperature is 
called the critical pressure ; and the volume occupied by unit volume of 
iras at n.t.n. when the critical temnerature and pressure are attained is 



Fig. 2t>l, — Diagrammatic Illirstration Fig. 262, — j) : v — Curves for Carbon 

Cl the Critical State of a Gas. Dioxide. 

called the critical volume. It is interesting to notice the inhuence of 
temperature on carbon dioxide, x^artiy liquid, partly gaseous. Fig. 261, A, 
represents the upper end of a glass tube in which the partly liquefied carbon 
dioxide is confined over mercury, at 18°. The surface of the liquid has 
a sharply defined curved meniscus. On raising the temperature, the 
meniscus of the liquid becomes flatter and flatter, Fig. 261, B, until, at 
31 °. Fig. 261 , 0 , the surface seems to disappear. The sharp line of demar- 
<,•ation between the liquid and the gas vanishes. At 40°, the tube contains 
a Immogeneous gas. Fig. 261, I), Liquid carbon dioxide cannot exist afc 
this temperature, however great the pressure. 

Tlic relation between the pressure and the volume of, say, carbon 
dioxide, at difterent temperatures— T, Tq, f'g— is represented diagram- 

inatlcally in Fig, 262. The portion of the curve or repre- 

sents the behavioiir of the gas when no liquid is present ; the portion 
A or ATi/ j, the behaviour of the gas in the presence of its own liquid ; 
and or the behaviour' of the liquid when no gas is present. 

It will bo observed that K^M^ox KiM-im a straight line horizontal with 
the i’-axls. It ilustrates in' a graphics-manner the well-known law: At 
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any .fixed temperature, the pressure of -a gas in the presence of -its own liquid 
" is always , the same. , The curve TqKqPq represents the 'relation between 
pressure and .volume at' the critical temperature ; and. the curve tF,.,the 
..relation, between p and', at. a temperature', when the gas. does .not liquefy. ■ 
The Um' K^K^KQB represents the condition mider which the gas, com- 
pressed at the stated temperatures Tq, 2 ^ 2 , begins to liquefy, and it is 
... hence' called the dew curve,' because a gas under a gradually 'increasing 
pressure first shows signs of liquefaction under conditions represented by a 
point on this line ; siniilarly, the' line is caEed the boiling curve, 

because a liquid, under a gradually diminishing pressure, first shows signs 
of vaporization under conditions represented by a point on tills line. Note 
also that the lines K^B, and divide the plane of the paper into 
three regions. Every point to the right of BKqPq represents a homogeneous 
gas ; every point in the region AKqB represents a heterogeneous mixture of 
gas and liquid; and every jioint to the left of AKqPq, a homogeneous 
liquid. The gas in the region K^BVTq is below its critical temperature, 
and is then said to be a vapour — vide p. 187. The diagram, Fig, 262, 
thus represents the conditions of equilibrium of a liquid or a gas under 
different conditions of temperature, pressure or volume. 

It is interesting to note historically that Oaignard de la Tour, long 
before Andrews’ experiment, noticed that when a liquid is heated in a 
sealed tube there is a definite temperature at which the surface of separation 
between the gas and liquid disappeared, and the whole contents of the 
tube become homogeneous. Oaignard de la Tour’s experiments thus 
demonstrate that the critical temperature is the upper limit to the liquid 
state ; and Andrews’ experiments prove that the critical temperature 
is the lower limit to the gaseous state. The passage from the one state 
to the other proceeds in a continuous manner. The liquid and gaseous 
states are continuous, not abrupt. The properties — density, surface 
tension, viscosity, refractive power, heat of vaporization, compressibility, 
etc. — of a liquid gradually lose their distinctive character as the tempera- 
ture is raised, until, at the criticaltemperature, the properties of liquid and 
gas are the same. There is no evidence of a change in molecular structure 
when, say, carbon dioxide passes from the one state of aggregation to 
the other ; nor is there any evidence of a polymerization of the molecules ^ 
when the common gases condense to liquids. The difference between 
liquids and gases below the critical temperature seems to be a question of 
molecular attraction. 

§ 17. Carbon Monoxide — Preparation and Occurrence. 

Molecular weight, CO — 28. Melting point, —203°; boiling point, —190°; 
critical temperature, — 139*5°. Relative vapour density (H 2 — 2), 27-81 ; 
(air =1), 0-9672. 

Two oxides of carbon are very well known — carbon monoxide and 
carbon dioxide. In the section dealing with producer gas, p. 873, it will 
be shown that the former is partially burnt or oxidized carbon, and is 

^ Nitrogen peroxide, water, and some other substances appear to polymerize 
and form compound molecules on passing from the gaseous to the liquid state 
of aggression. The properties of the conaeso^ing gases do not then exhibit that 
continuity shown by carbon dioxide and which do not polymerize) 
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fomied wiien carbon is heated in a limited supply of air : 2C •*}- 0^: = 2C0. 
It is also produced when carbon dio 2 [ide is heated In the presence of an 
excess of carbon ; GO 2 -f 0 — 2C0. '■ Carbon, 'dioxide .is reduced, in a 
similar manner %Fhen passed over hot metallic zinc : CO 2 + Zn = ZnO 
4- CO* If zinc oxide be reduced with carbon, metallic zinc and carbon 
monoxide are produced : ZnO +■ C == Zn 4- CO ; so also with litharge, 
lead monoxide, PbO, we have FbO + C — Pb + CO. E. de Lassone first 
made carbon monoxide by this reaction in 1776, and Priestley prepared it 
by lieating iron oxide with charcoal in 1796. Lavoisier Imew that this 
gas l)urned to carbon dioxide, but he was not able to satisfactorily fit 
carbon monoxide in with liis theory of oxidation. This became possible 
wfiien W. Ciiickshaiik, in 1800, showed that the gas was nothing but 
a “ gaseous oxide of carbon, and F, Clement and J. B. Desormes, in 1801, 
made clear the composition of the gas. 

Carbon monoxide seldom occurs free in nature, and then only in small 
quantities. Minute traces have been detected in air, in volcanic gases, 
occluded in coal, and in meteorites. 

It is found in tobacco smoke, in 
chimney gases where the air is not 
in a sufficiently large excess, and 
in the gases from blast and other 
furnaces. 

Preparation. — Carbon monoxide 
is best made in the laboratory by 
heating concentrated sulphuric acid 
to about 100® in a fiask (Fig. 263) j 
fitted with a double- bored rubber 
stopper ; one hole of the stopper is 
fitted with a gas deliver}?- tube, and 
the other with a tap funnel con- pig. 26 S.— Preparation of Carbon 

taining concentrated (98 per cent.) Monoxide, 

formic acid, H.COOH. The gas can 

1)6 washed by bubbling it through a concentrated solution of sodium 
hydroxide. The tip of the funnel dips belo’w the surface of the liquid. 
Each drop of formic acid produces some bubbles of gas. The reaction is 
simple : H.COOH + H 2 SO 4 H 2 SO 4 .H 2 O -f CO. There is no frothing, 
and the velocity of the stream of gas can be regulated by the rate at which 
formic acid is dropped on to the sulphuric acid. Concentrated sulphuric 
acid can also be mixed with sodium formate in a flask provided with a 
safety funnel, and very gently w-armed. Carbon monoxide is evolved. 
The rate of evolution of the gas depends on the concentration of the 
acid. 

The gas is also made by gently heating 20 to 30 grams of crystalline oxalic 
acid, {pC)OH) 2 . 2 HgO, jnst covered with concentrated sulphuric acid. The rate of 
evolution of the gas is determined by the temperature of the mixture. Equal 
volnme.s of carbon dioxide and carbon monoxide are produced : (COOH)o. 2 HoO 
4 H 2 SO 4 H 2 SO 4 4 3 H 20^4 '4 CO 3 . The carbon dioxide is removed by 

passing^ the gas through a series of. wash-bottles containing a solution of caustic 
soda. This proeesis is more troubletemeThah the formic acid process. The same 
remark appUe.s to the preparation' of earbon monoxide by heating, say, 30 grams 
of crystalline potassium^ferroeyanido'. (or' .cyanide)' with 300 0 . 0 . of concentrated 
sulphuric acid in a capacious fiask. In this case, the temperature of decomposition 
•Is high, If the mixture be heat/ed top quickly ,4he gas is apt to come off so 
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qtiieidy as to be beyond control. Tbe reaction is symbolized; K^iFeCy^ + 
6H3S04;f 6H3O = '2 ‘e: 3S.04 + + FeS04,:+ 6 C 0 , If dilute siil- 

phiiric acid be need, hydrocj^’anic acid as well as carbon inono>:ide may be formed; 

The reaction in the latter case is represented:' 2K4FeCyQ -b 3H4,S04-*-> kEoSO.j ' ■ 
-i-.KsFegCy^, .+ ^6BCy..,. ; , , 

§.18. The Properties of Carbon Monoxide, 

Carbon monoxide, is a colourless, .tasteless, and' odourless .(poisonous) ; 
gas.. One volume' of water .dissolves- about 0*03 volume, at 0°, and about ' 
0*023 volume, at 20^. ,,The gas condenses .to a colourless transparent , 
liquid at —190°, at atmospheric pressure ; ' the 'liquid solidifies at —203°. 
'When .a, lighted, taper, iS' ;pliinged into -the gas, the,, taper is extinguished - 
(non-supporter of combustion), but the gas is inflamed (combustible), and 
burns with a blue flame. The blue lambent flame which appears on the 
surface of a clear red coke (or coal) fire, or over the ignited lime in a lime 
kiln , is caii)on monoxide. If a beaker be held over a burning j et of carbon 
monoxide for a moment, and clear lime-water be poui'ed into the beaker, 
a turbidity shows the presence of carbon dioxide. Ozone can oxidize 
carbon monoxide to carbon dioxide. Carbon monoxide, on burning, 
forms carbon dioxide : 2CO + Og — 200^^ Collect a mixture of two 
volumes of carbon monoxide and one volume of oxygen in a soda-water 
bottle ; apx^ly a lighted taper to the mouth of the bottle ; the mixture 
explodes with some violence. If the gases be thoroughly dried by means 
of phosphorus pentoxide a spa,rk can pass through the mixture of two 
volumes of carbon monoxide and one volume of oxygen without explosioxi. 
There appears to be a slight combination, but only in the path of the 
spark. H. B. Dixon showed that the presence of gases containing hydro- 
gen — ^iiydrogen suipliide, pentane, ammonia, etc. — act like water, and make 
the mixture explosive ; whereas gases not containing hydrogen — sulphur 
dioxide, carbon disulphide, etc. — are inert, for the mixture does not explode. 
Water thus appears to act as a catalytic agent, and Dixon thinks that there 
is a cyclic process (p. 164) involving the reactions : 

CO H- H2O = CO3 + H.; 2H2 -I- O2 = :2H20.; CO ~f H^O == CO^ -f . . . 

This em]Dhasizes how even the so-ca-Ued simple reactions are much more 
interesting than the ordinary chemical equations would lead us to suppose. 

How much more wonderful must be the reactions which are now repre- 
sented by more complex equations ! 

The reduction and hydratioti of the carbon oxides. — If moist carbon 
monoxide be passed over palladium black in the cold, formic acid, H.CO.OH, 
can be detected among the x^roducts of the action. The end products of 
the reaction are liydrogen and carbon dioxide — the hydrogen is largely 
retained by the pailadium. If the flame of burning carbon monoxide be 
allowed to play upon ice, formic acid can be detected in the waiter formed 
by the melting ice. Hence it is assumed that the first stage of the reaction 
is B:20 + CO - H.COOH ; followed by H.COOH - Ha+ CO 3. The formic 
acid is an intermediate product of the two consecutive reactions (pi 165). 

The reverse reaction, reduction of carbon dioxide to formic acid .* COg + . 
Hg ^ H.COOH, occurs under the influence of palladium black. It might , ' 
also be added that formic acid and formaldehydB‘ have been produced by 
exposing moist carbon dioxide to the ^ultra- violet radiations from a mercury 
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la.iiix). The reiationsiiij) between formic acid, metacarbonic acid, and 
forinaldelivdc will appear from the graphic formulas ; 


o- 

o - t-<0H 

Metacarbonic 


o = c<g® 

Formic 

acid. 


Formaldehyde. 


Methyl 

aicohoi. 


H. p .H 

Methane. 


Carbon monoxide is reduced by hydrogen to methane, CH4, if the mixture 
be passed overfinelv divided nickel at about 200° : CO + = HoO -f 

CH4. 

A catalyst can often direct a- chemical transformation along one path in 
preference to another (J. W. MeMor, 1904), and this view is ampler sup- 
ported by P. Sabatier’s Avork on the catalysis of organic compounds (1914). 
’’.rotally difiereiit effects may be produced by catalysts with almost identical 
jhivsicai j)roperties. For instance, the vapour of formic acid is decom- 
posed wholly into hydrogen and carbon dioxide when passed over zinc 
oxide, but into water and carbon monoxide when passed over titanic oxide. 
S^miboiically 

ZnO 

H.OOOH 4 , + 


Again, ethyl aicohoi, C2H3.OH, is converted into aldehyde, CH3.COH, and 
hjxlrogeii by finely divided copper, and into ethylene and water by alumina. 


^ r\Tjr ^ H-t, -f- CH3.COH 

AhOg 

The ditierent effects of hydrogen peroxide upon sodium thiosulphate 
according as iodine or molj^bdic acid are employed as catalysts, is a further 
illustration. 

■ .. . lodiae ■ 

«ItO, + 3X.AO. + 20H.COOH ^ 

Molybdic acid 

Carbon monoxide reduces ammoniacai cuprous sulphate solution and 
ammoniacal silver Jiitrate ; it has no action on rosaniiine decolorized 
by sulphurous acid. Carbon monoxide is not absorbed by solutions 
of ])otassiiim or sodium hydroxide (distinction from carbon dioxide). 
Urilike carbon dioxide, carbon monoxide is soluble in a saturated 
solution of cuprous chloride in concentrated hydrochloric acid, or of 
cuprous chloride in ammoma., Hence these solutions are used as 
al)>sorl>eiits fc»r carbon monoxide in gas analysis. Some suppose that 
the carbon monoxide unites with the cuprous cliloride, forming a, com- 
pound : 2CuCLC0.2IiX>. . 

Action on iron. — Carbon monoxide is an important reducing agent : 
ferric oxide, for instance, as reduced to the metal in the blast furnace; 
FegOg -f' = 2Fe -f 3COg., The action, is, however^ somewhat complex 
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and dependent upon tlie temperature. When metallic iron is heated 
in a current of carbon monoxide at about 330°, the carbon monoxide is 
decomposed, .forming ferrous oxide and carbon : Fe + GO ~ FeO 4- C 
(+ 20*1 Cals.). At higher temperatures the ferrous oxide is recliieed to 
the iiietal by this gas : FeO + CO' = Fe + COg. . At 300° the former 
reaction is' about twelve times as fast ' as the second. ■ As the temperature 
is raised, the speed of the latter reaction is accelerated until it appears as 
if the ferric oxide were directly reduced by the carbon monoxide ; any 
ferrous oxide formed is at once reduced. This is a curious example of 
consecutive reactions discussed on p. 163. T. Graham showed that metallic 
iron absorbs about four times its volume of carbon monoxide at a duli 
red heat, and the gas is given off when the metal is heated in air. Hence 
iron appears to be permeable to carbon monoxide, and if this gas be passing 
up a hot stove pipe, with the flue gases, some carbon monoxide could pass 
through the metallic iron into the atmosphere of the room. 

Composition.—A mixture of carbon monoxide and oxygen can be 
exploded in the apparatus illustrated in Fig, 209. It wall be found that 
100 vols. of carbon monoxide with 100 vols. of oxygen gave 150 vols. 
of gas. When the gaseous product of the explosion was treated with a 
solution of potassium hydroxide, 50 vols. of oxygen remained. The 
absorption was conducted as indicated on p. 809, Fig. 253. This shows 
that 100 vols. of carbon monoxide combined with 50 vols. of oxygen to 
form 100 vols. of carbon dioxide. By Avogadro’s hypothesis, this agrees 
with the equation : 2CO + 02== 2CO2. The density of the gas confirms 
this, for it is nearly fourteen times that of hydrogen. Hence the molecular 
w^eight of the gas is 28 ( hydrogen = 2). The atomic weight of carbon is 1 2, 
and oxygen 16, and 12 + 16 = 28. Hence CO, not 02^2? ^3^3 ... is 
the correct formula for carbon monoxide. Alternative graphic formulss 
were discussed on page 88. The study of the refractive power of sub- 
stances containing bivalent oxygen led J. W. Briilil to attribute the 
exceptional behaviour of carbon monoxide to its containing quadrivalent 
oxygen. 

Carbon monoxide — a poison. — Carbon monoxide is an active poison. 
When it is respired in the lungs, it unites with the haemoglobin of the blood, 
forming a bright cherry-red coloured compound carbonyl-haemoglobin 
w+ich prevents the haemoglobin performing its regular work of oxidizing 
waste tissue (p. 906). Some consider it acts by paratyzing the nerve 
centres which govern respiration. Less than 1 per cent, in the atmosxfiiere 
is sufficient to cause death when inhaJed. J. S. Haldane says that air 
containing of one per cent, of carbon monoxide will produce giddiness on 
exertion if breathed for from one-half to two hours ; and per cent, 
makes one unable to walk; | per cent, leads to loss of consciousness 
and x)©Hiaps death ; 4 per cent, means probable death ; and 1 per 
cent, will lead to unconsciousness in a few mintites, follow'ed before long 
by death. ^ A. Moso found that animals could live in oxygen, containing 
6 per cent, of carbon monoxide, at 2 atm. pressure. Fatal accidents have 
arisen from the breathing of carbon monoxide, wffien its presence has not 

'*• First aid treatment for carbon monoxide poisoning, or gassing,’^ os it 
is often called, is artificial respiration , at once, accompanied by the rise of oxygen 
for about 10 minutes. A person seriously gassed, should be kept warm and pro- 
tected from cold air ; be should not exert himself by walking j and if there is a 
tendency to fainting, a little brandy or, whisky should, b© administered. ,, 
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been suspected. It is formed;, when a gaS' flame is .exposed to a cokl surface 
as might occur in some "‘'patent water heaters: ’’. used in iH- ventilated 
bathrooms, etc.; in slow "combustion .stoves, and charcoar i)ans. 'It is 
often present in rooms where gas proditcers are at work (p. 874) ; and in 
rooms with an escape of coal . gas, water gas, etc. The poisonous character 
of after-damp ” in coal mines is due to the presence of some carbon mon- 
oxide along with the carbon dioxide formed during an explosion of fire- 
damp or coal dust ; in air after the use of explosives for blasting ; under- 
ground fires ; etc. J. S. Haldane recommends miners to carry a .mouse in 
an open cage in a suspected atmosphere. As soon as the mouse shows signs 
of sfuggishness or exhaustion, a dangerous amount of carbon monoxide is 
probably present. 

Testing* for carbon monoxide. — The detection of carbon monoxide is 
not easy. (1) A piece of white filter paper moistened platinum or 
■pulliuikm ehhrkle—^iQl^ or PdCi2"~is turned pink, green, or black, owing 
to the reduction of the chloride to the metal. The intensity of the tint 
is proportional to the amount of carbon monoxide in the given atmos^Dliere 
{freed from ammonia and hydrogen sulphide). The tint of test-papers 
saturated with the metal chloride solutions and exposed to the given atmo- 
sphere for a definite period, can be compared with papers standardized with 
atmospheres containing known amounts of gas, and an estimate of the 
carbon monoxide made accordingly. Some organic substances produce the 
same reaction, and mistakes have been accordingly made. (2) Iodine pent- 
oxide is reduced by carbon monoxide : SCO -h IgOg = 12 4’ 5C0g. This 
reaction is a sensitive test for the gas. The liberated iodine gives a violet 
solution with ciiloroform or carbon disulphide. (3) Yogets blood test 
is considered the most reliable. If ordinary blood be diluted with 200 
times its volume of water, a yellowish-red solution is obtained, with 
blood containing carbon monoxide, the solution is distinctly pink. 
J. S. Haldane recommends placing a mouse in the susi^ected atmosphere 
for, say, fifteen, minutes. It is then killed. A known volume of the blood 
drawn from the heart of the mouse is then sj^stematically diluted, simul- 
taneously with another sample of ordinary oxygenated blood, until 
the tints of both solutions appear the same in daylight. A comparison 
of the amount of blood in the two solutions will give a rough idea of the 
amount of carbon monoxide m the air, since it is found that the blood of 
the mouse 20 per cent, saturated represents 0*02 per cent, of carbon 
monoxide ; 33 per cent, saturated with 0*04 per cent, carbon monoxide ; 
50 per cent, saturated with 0*08 per cent, of carbon monoxide ; 66 per 
cent, saturated with 0*16 per cent, carbon monoxide in the air. 

Carbon suboxide. — Certain other oxides of carbon have been reported 
by .B. C. Brodie (1873), M. Bertlielot (1876), etc. : (1) Brodie’s oxide, 
is formed as a reddish-brown mass by exposing carbon monoxide to the 
prolonged action of the electric discharge ; (2) Meyer and Steiner’s oxide 
(1913), C4O3, was obtained by heating meflitic acid, C6 (COOH)q, with 
benzoyl cliioride, CgHg.COXI, in a flask fitted with a reflux condenser for 
six hours, a-ncl found that colourless crystals of a substance with the same 
empirical formula as Brodie’s oxide, but with the probable molecular 
formula, 0 {209. It appears to be formed by the abstraction of threo 
^ molecules of water ton-'meHitio acid: CVGOOH)^ = SHgO 4- C12O9. 
The oxide is almost insol«Me=m'oold water, but Is rehydrated 'to mellitic 
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acid by liot ; water — whence' its name meliitic anhydride. The , iisiial grapMc 
formulas for the .acid and the anhydride are : ■ 


■ GOOH' 

c 

HOOC— cG^iC— COOH 
HOOC— COOH 

G 

GOOH 

Mellitio acid, Cr,{COOH)g 


CO— 0 

O i 

CO— Cf^NiC— CO 




^■^ 00 - 

c 

CO — 6 

Mellitic anhydride, 


(3) BertheloGs oxide,. GgOg, is formed as a dark brown.. mass by. heating. 
Brodie’s oxide between 300 and 400°; and (4) Diels’ carbon suboxide, G3O2J 
has been made by 0. Diels (1.906) by distilling malonio acid, GH2(000H;)2, 
or its (ethereei) salts with a large excess of phosphorus pentoxide 
under reduced pressure (12 mm. mercury) at about 300°. The gases are 
cooled so as to remove the unchanged acid, carbon dioxide, ethylene, etc. 
The reaction is represented; CH2(COOH)2 == 2H2O -f C3O2. When 
passed through a tube dipping in liquid air, a white solid with a pungent 
odour is obtained. The solid melts between —107° and —108° and boils 
at 7°, When treated with water, carbon suboxide re-forms malonic acid, 
and hence this oxide is regarded as malonic anhydride. The suboxide is 
combustible and burns with a blue smoky flame, forming carbon dioxide. 

‘ The vapour and liquid polymerize at ordinary temperatures, forming a dark 
red solid soluble in water. The suboxide decomposes rapidly at 37° and 
instantaneously at 100°. Analysis by combustion with copper monoxide, 
by explosion with oxygen, and vapour density determinations by Hof- 
mann’s method all correspond with the formula C3O2. The constitution 
is uncertain, it is generally supposed to be represented by 0=C— C==C— 0, 

. ' ^Q. • ■■ ■ ' , ' 

that is, carbo 7 i dicarbojiyl^ C(CO)2, or by oxide, C3O2, 

has also been formed by the action of the silent electric discharge on carbon 
monoxide : 4CO = C3O2 + CO 2. There is little doubt about the existence 
of carbon suboxide C3O2, but the identity of the other oxides — CgOg 
and C4O3 — is not -well established. 


§ 19. Carbonyls, 

According to the valency hypothesis, oxygen a dyad and carbon a 
tetrad, carbon monoxide is an unsaturated compound = 0 = 0 with two 
slee|3ing valencies, p. 89. This is in agreement with the ready combina- 
tion of carbon monoxide wdth oxygen to form carbon dioxide 0=C=0. 
When a mixture of carbon monoxide and sulphur vapour is passed through 
a moderately hot tube, a gaseous carbonyl sulphide — COS — analogous 
with carbon dioxide is formed and hence also called carbon oxysulphide. 
Ill carbonyl sulphide one atom of sulphur has taken the place of one 
atom of oxygen in carbon dioxide so that its formula is written : S = C = 0. 
Wdieii CO acts as a radicle, as it appears to do in many reactions, it is 
called carbonyl. Carbon dioxide can thus, be regarded as a carbonyl oxide. 
Carbonyl chloride.— Carbon monoxide also directly unites with chlorine 
in sunlight to iomi phosge 7 ie---~m allusion to its formation under the influence 
of light — or carbonyl cliioride COCI2. The same gas is produced when a 
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mixture of cMorine and carbon, monoxide is passed over bone cbareoai 
(catalvtic agent)* The gas liquefies at 8®. The formation of the gas is 
conveniently shovii hy filling two equal-sized gas cylinders, by displace- 
ment, one with chlorine, and one with carbon monoxide. Place the vessels 
mouth to mouth and allow the gases to mix thoroughly. Both cylinders 
shoTv’ the characteristic colour of chlorine. Cbver each cylinder with a 
glass plate. Let one be exposed to a strong light for a short time, the 
colour of the chlorine rapidly disappears, and when the glass plate is 
removed, the contents of the cylinder fume strongly owing to the decom- 
position of the carbonyl chloride in contact with the moisture of the air. 
The gas also decomposes by hydrolysis in contact with water, forming 
hydrochloric acid and carbon dioxide : 

COCia + SH.O = 2Ha -f H2CO3 ; and H^COg == H^O + GO3 

When heated with metal sulphides to about 400°, carbonyl sulphide and a 
metal chloride is formed : COClg 4- MS ~ COS + MCU. With an excess 
of ammonia (NHg), carbonyl chloride forms urea~-CO(hTIIo) 2 . Thus : 

0 = C<^J + 4 NH 3 = 2 NH 4 CI + 0 = C<||“ 

The ammonium chIoride~-jSrH 4 Cl — ^is insoluble in alcohol, urea is soluble, 
hence the two compounds are easily separated. 

Metabolic products. — ^Urea is a waste product of animal life. Hero 
then, by purely chemical processes, we can build up from the proper 
elements a compound which is formed by living animals. Wohler’s 
synthesis of urea, by another process, in 1826, appears to have attracted 
a lot of attention because the teachers of chemistry — Gmeiin, Berzelius, 
etc. — ^then taught that compounds formed by animals and plants were 
produced by the action of a vital force ; that “ within the sphere of 
hving nature, the elements obey laws totally different from those which 
obtain in inanimate nature,” and that ‘‘ organic substances cannot be pre- 
pared artificially.” Wohler’s synthesis rendered it necessary to reconsider 
these assertions. Wohler communicated his discovery to Berzelius in 
these words : “I must tell you that I can prepare urea without requiring 
a kidney or an animal, a man or a dog.” Hundreds of different animal 
and vegetable products have since been prepared in the laboratory, 
and the hypothesis that a peculiar vital force is necessary for the j)re- 
paration of these products has been abandoned. The growth of the 
organized structure of animals and plants must not be confused with the 
formation of chemical compounds. 

About the middle of the seventeenth century chemistry was subdivided into 
organic ” and “ inorganic.** The latter term was intended to denote th© 
chemistiy of the inorganic substaiices found in the ‘‘ minei'al idngdom,” us 
contrasted with the chemistry of the compounds produced as the result of vital 
processes in a,iumul and vegetable life. The sharp distinction Vaetween organic 
and inorganic compounds lost its clearness when chemists succeeded in bulking 
up typical ‘‘ organic ’* compounds from “ mineral elements.” The term organic 
chemistry ” still persists, but its original significance is gone. To-day, the term 
is really understood to mean the chemistry of certain carbon compounds. Some 
carbon compounds like iron car bide, (steels), etc., are always treated m inorganic 
chemistiy ; other, compounds — e.gr., calcium carbide — are arbitrarily meluded or 
eoeciuded from organic chemistry according to the writer’s whim or ca|)rice. 

Nickel tetracarbonyl. — h, Mond and O. Langer (1890) discovered that 



THE OXIDES OF CiHBON' 


841 


wlien- carbon, monoxide., is passed, over .finely divided.^ metallic nickel 
at between 40° and 50°, and tbe gas then passed tlirougli a cold tube, a 
colourless' Equid, condenses. . This, boils at 43° under a pressure o.f 751 mm. 
of mercury ; and at —25°. solidifies to a mass of needle-shaped crystals.. The 
gas decomposes at 180° into metallic nickel and carbon monoxide.. ' The gas 
burns with a luminous flame, and a deposit of black metallic nickel, 
resembling soot, is obtained when the flame is brought in contact with a 
cold porcelain dish. If the gas be passed through a hot glass tube, dust, 
or a mirror-like deposit of metallic nickel is formed on the glass. Mond 
utilizes this reaction for extracting nickel from its ores. Two analyses of 
the compound furnished 34*26 and 34*33 per cent, of nickel. These 
numbers correspond with the formula, [M(GO) 4 ]j^. The vapour density 
of the gas, air = 1, is 6*01 ; and if hydrogen = 2, the density of air is 
28*75 ; consequently, the vapour density of nickel carbonyl (hydrogen 
= 2) is 6*01 X 28*7*75 = 172*94. The vapour density corresponding with 
M(C0)4, by Avogacii'o’s hypothesis, is 170*68. Hence the formula of 
nickel carbonyl is written M(CO) 4 . Some consider that the “CO” in 
nickel carbonyl is a dyad, and the nickel an octad, because of certain 
physical properties, ^ and write the formula as indicated below ; others 
consider both the nickel and the CO to be dyads. Several other formulse 
have been suggested — e.g, nickel may be regarded as a tetrad. The cyclic 
formula is in harmony with the general behaviour of these compounds, 
for it shows how the properties of the metal may be completely masked. 


CO 

CO 



0=0" ^^^C=0 


m< 


co—co 

CO— CO 


Nickel an ocfcacL Nickel a tetrad. Nickel a dyad. 


As the student acquires familiarity with graphic chemical formulse, 
ne vull find that the arrangement of a number of atoms into a graphic 
formula, consistent with the valencies of the elements, is sometimes rather 
a test of man’s ingenuity than a representation of the actual grouping 
of the atoms. In some cases, too, it is thought necessary to assume special 
valencies for particular combinations. When it is not possible to decide 
between several conflicting formulee, select the most probable, and use the 
simplest — hypotheses must not be multiplied without necessity. This 
important rule is sometimes called Occam’s razor. 

Iron carbonyl. — Cobalt does not form a carbonyl under the same 
conditions as nickel.® If iron be treated like nickel, at 80°, a gas — iron 
tetracarbonyi, Fe(CO) 4 — is formed, which burns with a yellow flame. The 
reaction with iron is very much slower than with nickel. At ordinary 
temiJeratures the finely divided iron furnishes iron pentacarbonyi — Fe(CO )5 
— ^which condenses to an amber-yellow liquid boiling at 103° and freezing 
at —21°. Its vapour density (air = 1 ) is 6*5. Unlike nickel earbon^d, 
this compound is decomposed by light, forming gold- coloured crystals of 
iron enneacarbonyi — Fe 3 (CO)s. This latter compound decomposes, when 

^ The nickel is best made by reducing nickel oxalate in a current of dry 
hydrogen at about 300°, 

2 Principally the refractive index, which is from three to four times as great 
as is usually exhibited by dyad nickel salts. 

3 This of course does not mean that a cobalt carbonyl cannot be prepared, 
because Co 2 (CO)g can be made if the reaction occurs under great pressure — 
100 atmospheres—in the form of orange-yellow crystals. Colourless crystals of 
molybdenum carbonyl — Mo(CO)^ — are k^wn; Several other carbonyls are knoV’-n. 
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heated, forming carbon monoxide, and iron pentaoarbonyl. The eom- 
Ijosition of the tliree carbonyls may be represented ; 

„ ^CO-CO ii.„^GO-CO. pfi „ CO'CO-CO-CO 

®^®<co-co ®^®<co-co^^° •‘■®<CO-CO-CO-CO->^‘^ 

TetraearbonyL Pentacarbonyl. Enneacarbonyi, 

Lamp glasses used for gas burners sometimes appear to redden owing to 
tlie depo>sition of a very thin film of iron oxide on the inner surface ; and 
accordingly it is inferred that a trace of a volatile iron carbonyl is present 
in the ilfuminating gas. Iron carbonyl is also supposed to be formed in 
iron cylinders in which water gas ” (p. 877) has been stored under pressure 
for some time. 

§ 20. Carbon Sulphides. 

Moleeuiar weight, CSg - 76-14. Melting point, ~U(f ; ^ boiling point, 46^ 
Specific gravity of liquid at 0®, 1*292. Vapour density (B[2--=2), 77*00; 
{air=l),2*68. 

Carbon disulphide was discovered by W. A. Lampadius wdnle stndjdng 
the action of pyrites on carbon. Clement and Desormes rediscovered the 

liquid in 1802. When sulphur 

I mil v«,-nnnr is nfl.ssofl over rerl-lint 
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16 feet in xMameter is packed witb.. coke from the top^ Mg. 264 ; the coke 
is renewed through the side hopper 0. An alternating current is sent 
through the electrodes E set at right angles to one another at the base ot 
the furnace. The heat melts the sulphur on the floor of the tenace ; 
the vapour of sulphur rises through the coke, forming carbon disulphide. 
Fresh sulphur ia> introduced through the hopper as shown, in the diagram. 
The carbon disulphide passes off at the top of the furnace, and is con- 
densed in the condensing coils. The electrical process is practically 
continuous and is free from troublesome leakages and heat losses incidental 
to the retort process. The crude product by either process can be purified 
by repeated redistillation and a prolonged agitation with mercury and 
porous calcium chloride, followed by decantation and a slow clis- 
tilation in the dark; but the manufacturing process of purification is 
a “ trade .secret.” 

Properties. — Carbon disulphide, if pure, is a colourless, mobile, refrac- 
tive liquid, with an aromatic smell not at all displeasing, although the 
smell of commerical carbon disulphide is usually disagreeable and rancid. 
Light slowly decomposes the pure liquid in such a ’way that a small quantity 
of some product — ^possibly a polymer— -is formed which raises the boiling 
point of the liquid and produces an unpleasant smell. Air also seems to 
affect it, particularly if the temperature is raised a little. So sensitive 
is purified carbon disulphide to these influences that it has been said : 
pure carbon disulphide is an ephemeral product. If breathed constantly, 
in small quantities, carbon disulphide is injurious to health, and in large 
quantities, fatal. Its specific gravity at 0° is 1*292. It freezes at —116® ; 
melts at —0*86® ; and boils at 46*27®. 100 grams of water at 0® dissolve 
0*258 gram of carbon disulphide ; and at 20®, 0*101 gram. Most of the 
alkali salts are insoluble in carbon disulphide ; several salts of the metals 
are sparingly soluble in this liquid — ^thus, mercuric nitrate and halides 
are sMghtly soluble since, at 18®, 100 parts of a saturated solution contain 
0*03 gram of mercuric chloride ; 0*12 gram of mercuric bromide ; 0*22 
gram of mercuric iodide ; and at 25® these numbers become respectively 
0‘05, 0*23, and 0*38. Carbon disulphide mixes in afl proportions with 
alcohol, ether, benzene, and essential oils. It is also a good solvent for 
sulphur, phosxjhorus, iodine, bromine, camphor, gums, resins, w^axes, fats, 
and caoutchouc ; and it is largely employed in the industries on account 
of its solvent properties. It is also used as an insecticide. 

Thiocarbonic acid, — ^A compound called thiocarbonic acid, HoCSg, 
analogous with carbonic acid, HgCOg, is knomi. Thiocarbonic acid is a 
redcbsh-yellow oil formed by the action of dilute hydrochloric acid on thio- 
carbonates. It is very unstable, but some of its salts — ^thiocarboiiates — 
are fairly >stable. They are formed by the action of carbon disulphide 
on the sulphides — e.g. calcium thiocarbonate : CSg -f Cs-S — OaCSg ; or 
on the hydroxides : 3Ca(OH)g + SCSg = 2 CaCS 3 + CaCOg 4- SHgO. 
Hence CSg may be regarded as the anhydride of thiocarbonic acid in the 
same sense that COg is the anhydride of carbonic acid. Potassium thio- 
carbonate is used as an insecticide for vine-lice. 

Thiocarbonyl chloride, CSClg. — ^if carbon disulphide and chlorine be 
left in contact for some weeks, particularly if a little iodine be present, a 
compound, CSCIg, is formed, but the best way of making this substance is 
to heat a mixture of i)hosphorus pentacMoride and carbon disulphide in 
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a sealed tube at 100®. A reaction symbolized r PGI5 + CS2 ==^ 

CSClg. seems to occur. The compound thiocarbonyl oHioride/ GSCIa, is 
related with carbonyl cHoridej COCIg. TMocarbonyl chloride is a fmtid- 
smelling liquid which boils with a little decomposition at 149®. The liquid 
is slightly hydrotyzed by water, and it polymerizes to (GSGl^ls as shown by 
its effect" on the freezing point of benzene. Normal thiocarbonyl chloride 
is probably constituted: 8 = C = Ci2? and the polymeride S = GCi — S 
»-C = Ci3. 

Carbon monosulphide, CS. — ^The analogy between the beha’^dour of 
sulphur and oxygen in many chemical compounds makes it appear highly 
probable that a carbon monosuiphide, CS, will exist and will bear the 
same relation to carbon monoxide, CO, that carbon disulphide to 

carbon dioxide. The isolation of carbon monosuiphide has proved un- 
expectedly difficult. The reaction between nicker carbonyl and tliio- 
earbonyrdiloride furnishes a brovui solid which is either carbon mono- 
suiphide, CS, or a polymer, C,^S^. The reaction is represented : ?iCSCL 
T- ';2Ni(CO)4 ==: 4riCO -f wMClg + On^n- The brown product is soluble 
in concentrated sulphuric acid, and it is precipitated unchanged on dilution. 
Carbon monosuiphide is not produced -wlieii carbon disulphide acts on 
nickel carbonyl. When electric sparks are passed tiirough the vapour 
of carbon disulphide at a low pressui’e, a mixture of carbon monosuiphide 
and unchanged carbon disulphide is obtained. The former polymerizes 
to the brown solid as the temperatme rises. A bright red liquid carbon 
subsuiphide, C3S2, has been made by passing the vapour of carbon di- 
sulphide tiirough a quartz tube at 1000® to 1100° ; and by exposing the 
vapour of carbon disulphide to the electric arc. The chief interest in 
this compound turns on its possible analogy with carbon siiboxide, CgOo. 
If an arc-discharge between electrodes of a mixture of tellurium and 
graphite, beneath carbon disulphide, the same subsulphide is formed, and 
a ^’olatile carbon sulphoteliunde, CSTe. Both compounds are unstable. 
The latter melts at -—54°. With selenium in place of tellurium, carbon 
sulphoselemde, 8CeS, is formed as a yellow liquid boiling at 84°, 

Questions. 

1. How many tons of salt and of sulphuric acid containing 70 per cent, of 
real acid are required to make 200 tons of salt cake ? Assuming that the manu- 
facturer condenses only 90 per cent, of the hydrochloric acid evolved, what weight 
of tliis gas IS allowed to escape ? — New Zealand Univ. 

2. 2‘4 litres of air at 0° G. and 76 cm. pressure are shaken with 60 c.c. of Yovf 
normal Ba(OH)g solution. After removal of the precipitate, the remaining alkali 
requires 35 c.c. of yj.- normal acid to neutralise it. Find the volume of carbonic 
anhydride in 10,000 volumes of the air. — St. Andrews Univ. 

3. Give the chief chemical and physical properties of CO3 fcuid CSg . — Owens 
Goll. 

4. Chlorine, sodium carbonate, and caustic soda are obtained from common 
salt. Deccribe fully the chemical reactions involved in the production of theso 
compounds- — XJniv, North Wales. , 

6. If hydrogen chloride and carbonic anhydride are found mixed witli air 
and it is desired to separate. One at a time, the substances in the mixture until 
^^oac remaiirs, what would foe the successive methods employed ? — A?nherst Coll.t 

6. The absorption coefficient of nitrogen dissolved in water is 0*0162 at 12*6'^, 
What volume of the gas measured at standard temperature and pressure is ab- 
sorbed by one litre of water, at at each of the foflowing pressures : 1000 mm.. 
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7. Explain how the qualitative and quantitative composition of carbon dioxide 
and carbon monoxide have been ascertained.—^S^. Andrews Vmv* 

8. You are given a mixture of calcium carbonate and calcium sulphate. How 
would you proceed to determine the proportion of each present ? — Aherystwyth 
Univ. 

9. At 20° and 760 mm., a volume of carbonic anhydride is measured and 
foimd to occupy 75 litres. The gas is passed over red-hot carbon and after being 
brought to the same conditions of temperature and pressure as above, is again 
measured. What volume is the gas found to occupy ? — Amherst Coll.^ U,S.A,^ 

10. Apply the law of chemical mass action to the liberation of carbon dioxide 
from a carbonate by an acid. — Sheffield Scientific School^ U.S.A. 

11. How can it be shown that the gas obtained by heating marble is identical 
with that evolved when marble is acted upon by diiiit© hydrochloric acid ? 
Calculate the volume of carbon dioxide measured at 15° and 740 mm. pressure 
obtainable from 10 grams of calcium carbonate (Ca = 40, O = 16, G =12, on© 
litre of hydrogen at N. T. P, weighs 0*09 gram ). — Sheffield XJnw, 

12. Give a full account of what you learned about sulphurous anhydride by 
experiment. Contrast sulphites with carbonates, and Sulphurous anhydride with 
carbonic anhj^dride, — Princeton Univ.y U,S.A. 

13. What is meant by the law of mass action ? State what you understand 
by the term “ active mass.” Discuss from the standpoint of the mass action 
law, (a) the dissociation of calcium carbonate by heat, (6) the effect produced by 
adding hydrochloric acid to an aqueous solution of sodium chloride. — SL Andrews 
Univ, 

14. The following sentence appears in a modern text- book of chemistry : 
“ Men striving to bring individual chemical processes to the highest state of 
perfection by utilizing all waste products.” Illustrate this statement by two 
examples of the recovery of valuable chemical substances from waste products, 
and explain in detail the chemical reactions involved. — London Univ, 

15. Enunciate Gay-Lussac’s law of gaseous volumes. What change in volume 
would take place in one litre of oxygen by (a) burning sulphur in it, (b) converting 
6 per cent, of it into ozone, (c) combining it with twice its volume of carbon 
monoxide ? Accurately describe the way in which yon would carry out any one 
of these experiments. — London Univ. 

16. W^hat distinction can be drawn between dissociation and decomposition ? 
Illustrate your answer by reference to calcium carbonate, and explain why the 
presence of free carbon dioxide diminishes the extent to wiiich the dissociation of 
the substance can proceed at a given temperature. — Londoyi Univ, 

17. The air of a room was tested for carbon dioxide by drawing 100 litres of 
it through weighed bulbs, containing caustic potash. The temperature %vas 15° 
and the pressure 750 mm. The increase in weight of the bulb was 0*08 gram. 
What was the percentage by volume of carbon dioxide in the air of the room ? — 
London Univ. 

18. Explain and illustrate the meaning of the expression coefficient of solubility 
of a. gas. What is meant by the statement that ammonia at ordinary temperatures 
deviates from Henry’s law of solubility ? — London Univ* 

19. The acid formed by dissolution of carbon dioxide in water might have its 
structure represented by the formula CO(OH )2 or C(OH) 4 , State fully (a) the 
grounds on -which the existence of carbonic acid in such a solution may be assumed, 
and (6) the evidence in favour of both these formulaa. — Board of Educ, 

20. How are carbonyl, phosphoryl, and sulphury! chlorides respectively pre- 
pared ? Describe briefly their properties, and show how their characteristic 
reactions help to elucidate the constitution of the corresponding acids.— Board of 
Educ. 

21. If 12 grams of carbon disulphide were burned in 100 litres of air at 14° 
and 740 mm.,"" what 'would be the volume of the gaseous mixture at N. T. P, (a) 
when the combustion was com}plete, and (6) when the mixture had been extracted 
by concentrated caustic potash]? How could the relative proportions of the two 
dioxides be determined ? (Air contains 21 per cent, of oxygen, and 1 litre of 
hydrogen at N. T. P. weighs 0*09 gram.) 

22. How do you account for the fact that in spite of the large amount of 
oxygen consumed in respiration and combustion, the percentage of oxygeir in 
the atmosphere remains practically unaltered ^—Victoria Univ,^ Manchester. 

23. What would you observe and what chemical changes (if any) would take 
place if the following elements were heated strongly in (a) a current of air, (5) 
a current of steam : — copper, mercuryj arsenic, aine, charcoal V-'-London Univ* 
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24. On passing pure oarbon monoxide over copper oxide, it was found that 
the loss of weight was 24‘36 grams and that the amount of carbon dioxide formed 
was 67*003 grams. From these data calculate the atomic weight of carbon 
(O = 16). How would you make the carbon monoxide required for this experi- 
ment, and ascertain its freedom from impurity ? — Board of Educ. 

25. What are the common impurities in ordinary water, and to which of them 
is hardness due ? Outline methods by which hardness can be (a) reduced, (&) 
removed, and explain why curd is formed when soap is used with hard water,-— 
Sheffield Univ. 

26. Describe the principal features of the “ mechanioar’ system of water 
filtration. What is the filter substance in this process, and how is it produced ? 
Give equation. — Cornell JJniv.^ XJ.S. A. 

27. How are temxDorarily hard waters formed in nature ? How are they 
softened? Account for the formation of caves in limestone rock. How are 
the vstalactites and stalagmites formed in these oaves ? What is formed when 
carbon dioxide gas is passed into a solution of potassium hydroxide ? Write all 
equations . — Princeton Univ.^ U.S.A* 

28. Stas found that when the lower oxide of carbon was passed over heated 
copj^er oxide, 63*64 grams of carbonic anhydride were formed and that the copper 
oxide lost in weight 22*515 grams. Stas had found previously that 1*232 grams 
of carbon when burned in oxygen yielded 4*517 grams of carbonic anhydride. 
Calculate the percentage composition of (1) carbonic anhydride, 42) the lower 
oxide of carbon; and show that the result is in agreement with the law of 
multiple proportions. — Punjab Univ. 

29. A liquid formed by fermentation is found to consist of carbon, hydrogen, 
and oxygen. On analysis, 0*376 gram of the liquid yielded 0*716 gram of carbon 
dioxide and 0*441 gram of water. Calculate the percentage composition and 
probable formulas of the liquid. — Nexo Zealand Univ. 

30. The spring water of our chalk districts is much harder than the river water 
o! the same localities. Why is this the case ? ^ At Canterbury the water was 
rendered soft by the addition of a certain quantity of lime-water. Explain the 
process. — London Uxiiv, 

31. It may be stated that with the same amount of oxygen, carbon monoxide 
contains twice as much carbon as oarbon dioxide. State any facts which may be 
supposed to support this assertion, and without quoting the commonly accepted 
formulse of these gases, discuss the question by reference to their known properties. 
— Science and Art Dept. 

32. Explain what occurs when carbon monoxide reacts with {a) ammoniacal 
cuprous chloride, (5) chlorine, (e) nickel, (d) iron. Describe the properties of 
the several products and the conditions under which they are obtained. Have 
any of these products received technical applications, and for what purposes, 
if any, is each thus applied ? — Board of Educ. 

33. What is meant by the critical point in connection with the compression of 
gases ? Give a diagram showing the general form of the isothermais of a substance, 
such as water or carbon dioxide, at and near the critical temperature, and con- 
siderably above and below that temperature, — Sydney Univ. 

34. Explain the following results: 26c.c. of — HugCOs required 26 c.c. of 
— HCl to neutralize it using methyl orange as the indicator, but 12*6 c.c, using 

phenolphthalein as indicator ; but 26 c.c. of the — HCl required 25*2 c.c. of 
the — NagCOg solution to neutralize it using methyl orange and 48*4 c.c. 
using phenolphthalein. — Sydney Univ. 

36, How can you estimate accurately the amount of carbon dioxide in atmo- 
spheric air ? What causes tend (1) to augment, and (2) to diminish the jproportion 
in air ? — Science and Art Dept. 

36, Water at 15® can absorb 756 times its volume of ammonia. What mass of 
ammonia can be dissolved in one litre at 16° under a pressure of 10 atmos^Dheres, 
the volume of one gram of ammonia at 0° and a pressure of 760 mm. being 
1317 univ. 


CHAPTER XXXVI 


Hydrocarbons 

§ 1. Methane — Occurrence, Preparation, and Properties. 

Moieeiilar weight, CH4 ~ 16*03. Melting point, = —184®; boiling point, 
— 160®, Relative vapour density (H^ = 2), 16*95 ; (air =: 1), 0*6457. 

Occurrence. — In 1667 T. Shirley published an account of his observations 
on the combustible gas which dribbled from a ditch near Wigan (Lanca- 
shire). The district was underlain with coal. The formation of 
carburetted hydrogen in the decomposition of organic matter was after- 
wards reported by many others, and methane has been recognized as a 
distinct individual since 1805, when W. Henry proved that the gas was 
different from the other hydrocarbons known 
at that time. In 1776 A. Volta distinguished 
methane from inflammable air in that the 
former alone produced carbon dioxide when 
burnt. C, L. BerthoUet (1785) showed that 
the gas contained carbon and hydrogen. The 
inflammable gaseous emanations from nddnesy 
etc., were mentioned by Pliny at the begin- 
ning of our era. Methane is often called 
^ marsh gas because it is sometimes generated 

‘ in stagnant marshy pools. The bubbles of gas which rise to the 

surface, when the mud at the bottom of a pond is disturbed, often 
contain methane. The gas can be collected in many stagnant ponds 
hj the use of an inverted test-tube full of water and fitted with a funnel as 
indicated in Fig. 265. The funnel directs the bubbles, disturbed by 
poking a stick into the mud at the bottom of the pond, into the test-tube. ^ 
The test-tube must be securely clamped or it may overturn when full of 
gas. Methane appears to be a product of the gradual decay of vegetable 
matter in a very limited supply of aii*. There are many unreliable descrip- 
tions by inaccurate observers (p, 6) of the luminous phenomena sometimes 
seen in marshy grounds, and caUed ignes fatui, ovwilhd 4he-msps or jack- 
‘lanterns — ihe feuxfollets of the French, and the Irrlichier of the Germans 
— ^are generally supposed to be produced by the ignition of marsh gas 
derived from the decay of vegetable matter^ The decomposition of animal 
matters may result in the escape of some phosphuretted hydrogen which 

^ The writer, when a boy, had an attack of typhoid fever supposed to hav® 
been received as a result of this experiment in a miasmatic swamp, - - . 
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oxidizes when diluted with air, producing a luminous glow, probably the 
source of the so-called corpse candles and the death-light . 

Methane occurs absorbed or occluded by coal sometimes under con- 
siderable pressure. When the pressure is relieved — e.g. when a face of 
coal is exposed in mining, or during a sudden fall in atmospheric pressure — 
this gas escapes from coal, sometimes in a continuous stream with a hissing 
sound — called by the miner a “ singer ” or a “ blower.” Methane, mixed 
mtli more or less air and carbon dioxide, is common in the atmosphere 
of coal mines, and hence this gas is found in the air discharged by the 
upcast ” ventilating shaft. On account of its inflammable nature, the 
mixture of gases occluded in coal is called firedamp. Other s}monymous 
terms are “light carburetted hydrogen gas ” or simpty “ gas.” So far as 
it is possible to tell by analysis, firedamp (air absent) contains between 
80 and 98 per cent, of methane, np to 4 per cent, of carbon dioxide, and 
up to II per cent, of nitrogen. Marsh gas and firedamp are therefore 
more or less impure forms of methane. Methane is formed in considerable 
quantities when coal is heated out of contact with air. Coal gas may 
contain 30 to 40 per cent, of methane. Enormous quantities of gas, con- 
taining 80 to 98 per cent, of methane, escape from the petroleum springs 
^in Baku and the Caucasus (Russia), and in the oilfields of Indiana, Ohio, 
Pennsylvania, etc., where it is called natural gas. The percentage composi- 
tion (volume) of typical samples from Ohio and from Baku is reported as 
follows; 

Hydrogen.^ Methane. Ethane. Nitrogen. Oxygen. 

Baku (Russia) . 0-0 93^1 3-3 2*2 * 0*5 0 

Ohio (U.S.A.) . 1*9 92*8 0*4 0*8 3-8 0*3 

Preparation. — Hydrogen slowly unites with carbon at a dull red-heat- 
to form methane. Mayer and Altmayer (1907) found that the higher the 
temperature the smaller the proportion of methane ; thus, at 500°, the 
equilibrium mixture contains 37*47 per cent, of hydrogen and 62*53 per 
cexit. of methane ; and at 800°, 95*5 per cent, of h 3 rdrogen and 4*4 per 
cent, of methane. The reaction is so slow in the absence of catalytic 
agents that there is some doubt if equilibrium was attained. The catai 3 d;ic 
action of nickel is explained on the assumption that nickel hydiide is 
formed as an intermediate product ; and the catalytic action of nickel 
oxide is explained by assuming that it is reduced to nickel which then 
forms the intermediate hydride. W. Spatiefi (1913) gives the alternate 
hypothesis that the oxide is reduced by the carbon, forming carbon dioxide 
as an intermediate product : 2NiO ~f C == COg -j~ 2Ni ; the hj^drogen 
reduces the carbon dioxide to methane and water : CO^ + 4 H 2 = CH^ 
“b 2 H 2 O ; and the water is then reduced by the metal to form nickel oxide 
and hydrogen ■ Ni -f HoO = H 2 + NiO. Hence, a small quantity of nickel 
oxide can produce a large quantity of methane. In confirmation, a mixture 
of carbon dioxide and hydrogen at about 420° in the presence of nickel 
gave relatively large amounts of methane. Thus a mixture of hydrogen 
(82 per cent.) with carbon dioxide (6*5 per cent.) at 13 atm. pressure gave 
a mixture containing 74*2 per cent, of methane and 8 per cent, of hydrogen. 

Methane is usually prepared by the following process : Ten grams of 

^ Some claim that free hydrogen does not occur in natural gas, and that the 
aHegad presence of hydrogen In these -gases Is due to a mistake in the analysis, 
That question must be. left -with' the e^^rts in natural gas^ 


HYBEOCARBONS 


849 


fused sodium acetate are intimately mixed with three times that u^eight 
of soda lime in a mortar. Introduce the dry mixture in a glass or copper 
flask, or in a copper tube retort. Close the copper flask A, Fig. 266, with 
a cork to which a delivery tube is attached. The flask is strong^ heated, 
and when all the air is expelled, the methane is collected over water in the 
usual manner. The reaction in the retort or flask is usually represented 
by the equation': CHa.COONa + NaOH NaaCOg'-f CH4. Soda lime' 
or barium oxide is used in place of sodium hydroxide because of the 
fusibility of the latter. Soda M'me 
is a mixture of calcium hydroxide 
' and sodium . hydroxide. ' ■ 

The gas prepared by this pro- 
cess is not very pure, but the mode 
of preparation is useful for 
ordinary purposes. For instance, 
this gas burns with a luminous 
flame, whereas pure methane 
burns with a non-luminous flame. 

An impure gas — mixed with 
ammonia and acetylene — is formed by the action of water on commercial 
aluminium carbide : AI4C3 + I2H2O 4Ai(OH)3 + 3CH4. The gas can 
be w'ashed free from acetylene by means of an ammoniacal solution of 
cuprous chloride. When pure methane is required, methyl iodide, CH3I, 
is reduced by nascent hydrogen formed by the action of a mercury : 
aluminium couple, or a copper: zinc couple on w^ater or alcohol, thus: 
CH3I + 2H — CH4 + HI. This method of preparation is discussed in 
works on organic chemistry. 

Properties. — Pure methane is free from colour, and is without smell. 
The gas prepared by the ordinary process usually has a slight smell, but 
this is due to the presence of impurities. Methane is lighter than air. 
100 volumes of water at 0° dissolve bj volumes of the gas ; and at 20°, 

volumes. Methane is rather more soluble in alcohol. It liquefies at 0° 
under a pressure of 140 atmospheres. The liquid boils at -—160°, and 
solidifies at —184°. Methane has no well-defined physiological action on 
the system other than diluting the oxygen and so inducing suffocation. 

Combustion and explosion of methane. — When a lighted taper is 
j)lunged into a cylinder of this gas, held mouth dowmwards, the taper is 
extinguished (non-supporter of combustion), and the gas burms at the 
mouth of the jar (combustible). The gas, if pure, burns with a pale blue 
non-luminous flame, forming carbon dioxide and water : CH4 -f- 20 ^ CO., 
+ 2H2O. The gas ignites in air at a temperature betw^een 650° and 750°. 
If the supply of air be limited, some hydrogen and carbon monoxide will 
be formed. One volume of methane requii'es two volumes of oxygen, i.e. 
9*5 volumes of air for complete combustion. Such a mixture is violently 
explosive. A red-hot wire will ignite the moist mixture. The explosive 
effect diminishes in violence with increasing proportions of air — a mixture 
of one volume of methane with 19 volumes of air is explosive ; and in 
the presence of coal dust, W. Galloway says that one volume of methane 
mixed wdth 111 volumes of air is expldsiye.- It must be added that coal 
dust itself is explosive when mixed with Air. If a mixture of hydi’ogen, 
methane, and air, with an excess of oxygen* ;be led over palladium-asbestos, 



Fig. 266. — Preparation of Methane, 



850 MODERN IHOB0AOT6 CHEMISTRY' 

the hydrogen alone burns— fractional combustion — -the methane is not 
acted upon provided the temperature of the palladium does not rise above 
100°. There is no explosion. Hence follows a method for estimating 
the amount of hydrogen in a mixture of hydrogen and methane. For 
the detection of methane, see “ Flame caps,” p. 913. 

Action of chlorine . — When a mixture of equal volumes of chlorine 
and methane is exposed to diffused daylight^ they gradually react, forming 
methyl chloride— CH3GI. Thus : CH4 + Cl^ HOI + CHgCl. If more 
chlorine be present, the chlorine gradually replaces all the hydrogen, 
forming : 

CH3CI + CU HCl -f CH<,Cl2 (dichloromethane) 

CHgCU + CI2 HCl + CHOls (chloroform) 

CHClg*^ -h HCl 4* CCI4 (carbon tetrachloride) 

This process of replacing one or more atoms in a molecule by equivalent 


atoms is called substitution. 

We have : 



,H 

H 

a 

c<i 

"^H 

'Cl 

4s 

Cl 

^CI 

Methane, 

CH4. 

Methyichloride, 

CH3CI. 

Bichloro- 

methane, 

OHaClg, 

Chloroform, 

CHCI3. 

Carbon 

tetrachloride, 

CCI4. 


By the action of concentrated sodium hypoiodite on alkaline solutions 
of acetone, carbon tetraiodide is formed, and carbon tetrabromide or 
tetrachloride can be produced in a similar way. By heating chloroform 
with bromine in sealed tubes a series of chlorobromides — CCi^, CBrCig, 
CBrgCla, GBrgCl, CBr4 — have been obtained. If an excess of chlorine reacts 
with methane in direct sunlight an explosion occurs with the separation of 
carbon : CH^ 4- 2Ci2 4HC1 4- C. Shake a mixture of one-third volume 
of methane with two-thirds of a volume of chlorine in a gas cylinder ; 
apply a lighted taper. Acid fumes of hydrogen chloride will be formed, and 
soot wil be deposited in the cylinder, 

AH the hydrogen can thus be expelled from methane in four stages, 
and the carbon only in one stage, hence it is probable that the molecule 
of methane contains one atom of ..carbon and four atoms of hydrogen. 
Similarly, in dealing with, say, hydrogen chloride : (1) only one com- 
pound is known ; (2) the molecules of hydrogen and chlorine are halved 
during the formation of two molecules of hydrogen chloride ; and (3) the 
hydrogen and chlorine can only be expelled from hydrogen chloride each 
in one stage. Hence it is inferred that the molecule of hydrogen chloride 
contains one atom of chlorine and one atom of hydrogen ; and that each 
of the molecules of chlorine and hydrogen contain two atoms. This purely 
chemical evidence agrees with the formulse based on Avogadro’s hypothesis. 
This argument was used in deducing the basicity of acids, p. 345. 

, Carbon tetrachloride, ‘<X)i4/, iS'. rather important commercially as a 
solvent for fats — degreasing woollen and linen fabrics, bones, oleaginous 
seeds, etc. It can replace bemene, which is dangerously inflammable. 
Carbon tetrachloride is a colourless nbn-inflammabie liquid of specific gravity 
__ l*63,^boilmg at 71%- The Rquid' attseka metals particularly If moisture 
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foe present owing to tlie formation of hydroehioric acid. It is made by 
passing dry chlorine through carbon disulphide, CSg, containing a little 
iodine (as catalyst) in suspension— asbestos impregnated with magnesium 
chloride is also used , in place ' of iodine — CSg d- = SgCla + CCi4. 

On distillation the tetrachloride can he removed from the sulphur chloride. 
It is purified by washing it in dilute sodium hydroxide and redistillatioii 
from bleaching, powder. 

Composition. — If a measured volume of methane be mixed with an 
excess of air or oxygen, and exploded in a eudiometer, the contraction 
in volume determines the amount of hydrogen present, since the corre- 
sponding amount of water condenses to a liquid 'whose volume is negligibly 
small in comparison with the gas. The carbon dioxide can be absorbed 
by potassium hydroxide and the corresponding contraction represents 
the amount of carbon dioxide formed. In illustration, 10 c.c. of methane 
were mixed with 40 c.c. of oxygen in a HempeFs burette* Fig. 209. The 
mixed gases were driven into the HempeFs explosion pipette, and exploded. 
The gases were returned to the burette, and the volume measured 30 c.c. 
instead of the original 50 c.c. The contraction was therefore 20 c.c. Water 
vapour contains its own volume of hydrogen, hence 10 volumes of methane 
contains the equivalent of 20 volumes of hydrogen. Again, the gases 
were transferred from the burette to the absorption pipette charged with 
potassium hydroxide solution, Fig. 253. On returning the gases to the 
burette, the volume measured 20 c.c. The contraction due to the absorp- 
tion of the carbon dioxide was 10 c.c., and the 20 c.c. excess oxygen 
remained in the burette. One volume of carbon dioxide is equivalent to 
one volume of oxygen and one atom of carbon. Hence the analysis has 
furnished the following data : 

]\^thane 4- 2^2 ^ 2H2^8team 
2 vols. 4 yolg, 2 vols. 4 vols. 

showing that the atoms of carbon and hydrogen must be in the ratio 1:4; 
or the formula is (CH4),t. The relative density of methane (air = 1) is 
0*559 ; and for hydrogen == 2, we have 28*755 X 0*559 = 16*07. If 
n = I, the vapour density of CH4 will be 12 + 4 = 16, Hence the 
formula for methane is CH4. 

If hydrogen be univalent, the only possible plane graphic formula is i 

H. . H 

h>^<h 

which makes carbon quadrivalent. The usual “proofs’ that all four 
hydrogen atoms are arranged in equivalent positions in the molecule 
proceeds by first preparing compounds like CHgCy, CH2Gy(COOH), 
CHCy(COOH)o, and subsequently replacing the acid gi'oups by hydrogen. 
Thus CH3Cy Vves CHHHOy ; CE^OyiCOOB.) gives CHHCyH; and 
CHCy(COOH)2 gives OECyHE. Ail these products, CHgCy, are the same, 
and hence it is^ assumed that at least three atoms of hydrogen in methane 
are equivalent, or else there is only one stable form for compounds of the 
type CHgCy. There are several other analogous ‘^proofs.’’ Organic 
chemists can give a number of reasons for assuming that the carbon atom 
behaves as if it had the form of an equilateral tetrahedron, each apex 
representing a free valency. Thus, if the four valencies of the carbon 
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atom be limited to one plane, and chlorine be imivalent, it ought to be 
possible to make the two isomers (c/. p. 796) : 




H. p .Cl 


In spite of numerous attempts this has not been accomplished. So far as 
we can teH, all four valencies of carbon are equivalent and symmetrical, 
or else one of the above compounds is very unstable and, when formed, 
immediately passes into the stable modification. The former hypothesis 
is much the more probable. The four mUncies can he symmetrical and 
equivalent only if they are directed from a central carbon atom towards the 
four corners or faces of a regidar tetrahedron. The carbon atom thus behaves 
as if it were shaped like a tetrahedron, and nothing is more surprising, said 
H. E. Armstrong, than the completeness with which the vast array ot 
facts included in organic chemistry may be ordered by reference to the 
tetrahedron model. A graphic representation of the 
real or imaginary molecule of methane is shown in 
the adjoining sketch. The spheres represent atoms of 
hydrogen. Some consider that the formula of methyl 
chloride, CH3CI, would he better represented by a 
tervalent chlorine, H2=C=C1— H. This is mentioned 
to show that dogmatic statements cannot yet be made. 
The tetrahedron of modern organic chemistry recalls the 
views of the ancient Greek philosophers for the poly- 
hedron of Plato and the mystic quaternion of Pythagoras 

played prominent parts in their views on matter. 

Attempts to isolate the hydrocarbon methylene, CHg, containing 
bivalent carbon have proved futile ; the corresponding carbon monoxide 
may have a bivalent carbon or quadrivalent ox^^gen and hence the 
evidence is amhigiious. A study of the constitution and properties of 
the alkyl isocyanides, R--N=C; of hydrocyanic acid, NH=C, and the 
cyanides, M — N“C; of fulminic acid, HO—N=C, and the fulminates, 
MO — N—O ; and of the monohalogen derivatives of acetylidene, e.g, 
IH==C=C, and the dihalogen derivatives, e,g. I 2 =C=C, have led 
organic chemists to favour the hypothesis that these compounds contain 
bivalent carbon. This latter hypothesis is not improbable when it is 
remembered that other members of the oxygen family of elements — viz, 
sulphur, selenium, and teilurium“-exist as hi- and sexi- valent atoms. 



Methane- 


§ 2, Ethylene — Occurrence, Preparation, and Properties. 

Molecular weight, = 5 = 28*03. Melting point, —169°; boiling point, 

— 103°. Relative vapour density, 28*12 (Hg — 2) and 0*978 (air — 1). 

Ethylene was discovered by J. J. Becher about 1669, and its properties 
were distinguished from ordinary inflammable air by the Dutch chemists 
J.* P. Deimann# A. P, ^yan Troostwijk,- N. Bondt, and A. Lauwerenburgh 
(1795). These chemists also, showed that the gas contained carbon and 
hydrogen. It was clearly distinguished from methane in 1805 by W. Henry. 

Occurrence. — Ethylene', ckjcuts' in "natural gas (p. 848). Some analyses 
of ** pit gases show that up to 6 per cent, of this gas may occur in the air 
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in coal pits. This gas is also obtained when coal or wood is heated in closed 
vessels and coal gas contains from 4 to 10 per cent, of ethylene. 

Preparation,— The gas is most conveniently prepared by the action 
of dehydrating agents (sulphuric acid, zinc chloride, or phosphoric acid) 
upon alcohol— G 2 H 5 OH. For tliis purpose put 50 c. c. of syrupy phosphoric 
acid in a 250 c.c. flask furnished with a two-hole rubber stopper fitted with 
a tap-funnel dra^vn out into a capillary end, and also a therinometer, T 
(Pig. 267). The side neck of the flask is connected with a delivery tube 
leading to a wash-bottle, and finally to the gas trough. The flask 
is heated to about 200° on a sand-bath or metal plate. Ethyl alcohol is 
slowly run from the tap-funnel below the surface of the phosphoric acid. 
The alcohol is decomposed into water and ethylene. The water is retained 
by the phosphoric acid. The reaction is represented in symbols : C 3 H 5 OH 
•^HgO -f C 2 H 4 . The reaction with sulphuric acid is singularly interesting. 
At ordinary temperatures, alcohol, C 2 H 5 OH, unites with sulphuric acid to 
form ethyisulphuric acid, CoH 5 (HSd 4 ), thus, if the liquid be kept coidj 
CAOH-f H2SO4 ^ H3O 
-f C 2 H 5 .HSO 4 represents 
the state of the system. 

At about 60°, the sul- 
phuric acid acts as a 
catalytic agent, and by 
a cyclic series of reactions 
involving the temporary 
formation of ethyl sul- 
phuric acid as an inter- 
mediate compound, which 
immediately unites with 
more alcohol to form 
ether, (C 2 H 5 ) 20 , boiling at 
34-6° : C 2 H 5 OH + C 2 H 5 .HSO 4 — H 2 SO 4 (C 2 H 5 ) 20 , and regenerating 
the sulphuric acid. In this reaction — sometimes called WilUamsmi-s 
reaction — the formation of ether, the intermediate compound can be 
isolated. If the mixture of sulphuric acid and ethyl alcohol, or rather 
of ethyl sulphuric acid, be rapidly heated to about 150°, it breaks do%vn 
into ethylene and sulphuric acid : C 2 H 5 .HSO 4 = H 2 SO 4 + OgH^. 

Another method of preparation is to pass the vapour of alcohol over 
alumina heated to about 360° — above this temperature ethylene is decom- 
posed, ether may he formed, and the catalyst alumina becomes clogged 
with tarry matters which cannot be readily burned oft* without destroying 
the efficiency of the catalyst ; thoria is not so readily contaminated as 
alumina, and the tarry matters can be burned off without interfering with 
the activity of the catalyst. Other methods of preparation are described 
in text-books on organic chemistry. 

Properties. — Ethylene is a colourless gas with a peculiar ethereal 
odour. It has nearly the same density as air. 100 volumes of w’ater at 0° 
dissolve 25*7 voiumels of the gas, and at 20°, 15 volumes ; the gas is nearly 
13 times as soluble in alcohol. Ethylene liquefies at 0° under a pressure 
of 43 atmospheres ; the liquid boils at --103°, and solidifies at —169°. 
The gas behaves like methane towards a lighted taper, hut it burns with a 
luminous smoky flame unless it be diluted mth hydrogen or methane. 



Fig. 267, — Preparation of Ethylene, 
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Ethylene is decomposed at a high temperature. This is illustrated by 
passing the gas through a bulb-tube of hard glass. When ail the am has 
been expelled, heat the bulb in the bio^'pipe flame. By rotating the bulb, 
a mirror-like deposit of carbon can be formed in the interior of the bulb 
— ^Fig. 268. One volume of ethene requires three volumes of oxygen, or 
14*3 volumes of air for complete combustion. Such a mixture is a powerful 
explosive. The explosion is more violent than with methane and air. 

If the tube contains aluminium turnings, heated not quite to the melting 
point of the metal, the hydrocarbon is decomposed into its elements, 
hydrogen is evolved, and carbon remains partly deposited mechanically on 
the surface of the metal, and partly united with the metal as carbide. If 
a mixture of hydrogen and ethylene be passed over reduced copper, between 
180*^ and 300'', the ethylene, C 2 H 4 , is reduced to ethane, CgHg, a gas 
resembling methane in many of its properties. Finely divided nickel can 
also be used as a catalyst. The reaction commences (slowly) at about 30°. 
P. Sabatier argued that the nickel acts by forming “ an unstable hydride 
such as NiHg, which Axes the hydrogen temporarily and transfers it to the 
hydrogenizable substances.” In the presence of compounds capable of 
giving up hydrogen, the nickel can take it from 
them, and to eliminate it in the gaseous state, 
and by altering the conditions, nickel can be 
made to promote dehydrogenation as well as 
hydrogenation. Thus, aldehyde, CHg.CO.H, 
and an excess of hydrogen, passed over nickel 
at 200 °, forms alcohol; OH 3 .CH 2 . OH ; and con- 
versely, alcohol passed over nickel at 250° 
forms aldehyde and hydrogen : OH 3 iO 0 ,^H 
^ CH 3 .CH 2 . OH. The reaction with hydrogen 
and ethylene is also reversible ; “h 

CgHg. The dehydrogenation of ethane, OgHg, 
is best observed by passing the gas over blue 
tungstic oxide, between 300° and 350°, with 
nickel at this temperature, the ethylene deposits carbon and forms methane 
with some hycfrocarbons which condense to liquids at ordinary 
temperatures. 

The composition of the gas can be determined by volumetric analysis 
as in the case of methane. The result shows that ethylene is 
The vapour density (Hg = 2) is nearly 28. Hence the formula for the .gas 
must be C 2 H 4 . The graphic formula for ethylene with carbon quadrivalent 
and hydrogen univalent is not possible if aH the valencies have to be 
saturated or “ satisfied.” Hence the graphic formula involves two sleeping 
or unaaturated valencies. On joining the carbon atoms by a double bondy 
we get : ' ' ^ 

Hn. p 

One molecule of ethylene readily combines with chlorine, forming an 
oily liquid which is ethylene dicMoride— CaH^Cig. Half fill a tall cylinder 
with ethylene, carefully but quickly fill up the cylinder with chlorine, and 
allow the cylinder to reniain. in the trough ; the water gradually rises in 
the cylinder, the ethylene ’dichlqride will be seen floating -on the surface 



Fio. 268. — Decomposition 
of Ethylene. 
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of the water. Hence ethylene was once called olefiant gas. The oily 
ethylene dicMoride was once termed Dutch liquid. Siinila.riy with bromine, 
a litre flask filled with ethylene and 2 c.e. of bromine will form a colourless 
oil of CaH^iBra, .ethylene dibromide,, on 'the bottom,, of ,tl:ie,. flask. Fill a 
cylinder onedhird with ethylene, and two-thirds with chlorine. Mix the 
gases well, and apply a light ; acid fumes are formed with much soot : 
C 2 H^' “b , 2C!2 ~ 4HCi + 20. , The ethylene molecule also combines directly 
with sulphuric acid, hydrogen bromide, etc. The compounds of ethylene 
with cliloriiie, bromine, etc., are called addition products. 

In gas analysis, ethylene is absorbed in a Hempei’s pipette charged 
with fuming sulphuric acid, or mth bromine, and these reagents can be 
employed to remove ethylene— and unsatumted hydrocarbons generally — 
from a mixture of ethylene, with hydrogen, methane, air, oxygen, and other 
gases not absorbed by this reagent. Methane is not absorbed unless it is 
left standing ill contact with the fuming sulphuric acid for a long time. 


§ 3. Acetylene — Preparation and Properties. 

Molecular weight, CgHa ™ 26*02. Melting point, --8i*5°j boiling point, 
— 83*6°. Relative "vapour density, 26*46 (Hg = 2) j 0*92 {air ~ 1), 



This gas was discovered by E. Davy in 1836. He obtained it by the 
action of water on the black mass formed as a by-product in the manu- 
facture of potassium. 

Preparation. — M. Berthelot prepared it by sparking carbon electrodes 
in a current of 
hydrogen gas in a 
glass bulb as in- 
dicated in the dia- 
gram — Fig. 269. 

The carbon and 
hydrogen unite 
directly : 2 O+H 2 

hych’ogen unites 
directly, with car- 
bon at tempera- 
tures exceeding 
1100^. At 1200^ 
about 0*35 per 
cent, of methane is 
formed; at 1500°, 

0T7 per cent. 

Acetylene, CgHg, 

Acetylene is also 


is also formed 
formed when 


at temperatures exceeaing lauu", 
ethylene is passed through a hot 
: 2 C 2 H 3 + 2 CH 4 ; and also H 2 -f CgHg. 

Acetylene can be made by reducing carbon monoxide and by burning 
in coal gas (Fig. 270)* To show the formation of acetylene when the 
Bunsen’s burner ‘‘strikes back and burns in the metal tube, arrange 
the apparatus shown in Fig. 270. , A glass funnel is bent twice at right 
angles and connected with a cylinder containing ammoniacal cuprous 
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chloride.^ The Bunsen’s humer is lighted at the pin-hole jet, and air is 
slowty aspirated through the apparatus. A red precipitate is formed in 
the cuprous chloride solution. This will be de- 
scribed later. ' The gas is most conveniently pre- 
Jr i ^ pared by placing fragments of calcium carbide 

4m i ill a dry flask provided with a tap-funnel and 

J ® delivery tube. The deliver}^ tube (7 of Fig. 50 

i'!j 1 can be connected directly with the generating 

^^1 lli ' . flask at E, Fig.' 271. On gradually admitting 

jj I i|| |1 water from the tap-funnel, a stream of acetylene 

is' evolved. A modified generating .flask is 
■ . _ " " _ ■ . .illustrated 'in Fig. 272. In, tliis case the . flask 

Goal with water, and the fragments of calcium 

carbide are added as required. The reaction 
between the water and the calcium carbide is represented by the 
equation : CaCg -f- 2 H 2 O Ca(OH )2 + C 2 H 2 . The thermal value of the 
reaction is 29*1 Gals. The reaction is somewhat complex. The “ balance- 
sheet ” of the heat concerned in the reaction is usually given as ; 


Fig, 270. — Acetylene 
from Goal Gas, 


Heat liberated. 


Formation Ca(OH)o 


Heat absorbed. 

Formation acetylene . 
Decomposition of water . 
Decomposition of carbide 
Balance 


The gas contains small traces of sulphur and phosphorus compounds, 
ammonia, etc., but it is usually pure enough for the experimental work 
described above. The gas can be purified from the most objectionable 



Fig. 27 L — Preparation of Acetylene. 


Fig. 272, — Rxidorff’s Flask, 


Impurities in the following manner. First pass the gas through a wash- 
bottlo containing a solution of copper sulphate acidified wdtli sulphuric 

^ Ammoniaeal ciiproxis chloride is made by dissolving 10 grams of cupric oxide 
with 100 e.e. of concentrated hj-^'drochloric acid, and the whole boiled for half an 
hour with an excess of metallic ' copper. Dilute the solution with an excess of 
water. Wash the precipitate twice by decantation with water. Dissolve the 
precipitate in a concentrated solution, of ammonium chloride. If the solution is 
coloured brown, add a few drops of hydrochloric acid and some strips of metallic 
copper. For use, make the solution a&aline with a few drops of ammonia. If 
an acid solution of cuprous ehloride is wanted, use hydrochloric acid instead of 
ammonia. 
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acid — R, Mg.. 271.' Tills removes ammonia, pliosphoriis,;. and' siilphnr’ 
compounds. , The gas then j)asses , through the tower C fitted ivith per- 
forated shelves on which rest “chloride of lime/’ this removes th© phos- 
phorus compounds. This system of purification imitates some industrial 
plants for the preparation of large quantities of acetylene. In Siemens 
and Halske’s process for the manufacture of hydrogen, superheated steam 
is allowed to act upon calcium carbide so that the formation of acetylene 
is avoided as much as possible. The main reaction is then : CaCo + 5II.>0 
== CaCOg ,+ CO2 -f SHg. 

Acetylene occurs in small quantities among the products of the dis- 
.tiilation of coal gas. ' 

Properties. — ^Acetylene is a colourless gas, which, when pure, has an 
ethereal odour which is not unpleasant. As usually prepared and purified 
the gas has traces of impurities which impart to the gas an offensive smell 
reminding one of garlic. Acetylene is rather lighter than air. 100 
volumes of water at 0° dissolve 173 volumes of acetylene ; and at 20°, 103 
volumes of the gas. Alcohol dissolves about six times its own volume at 
ordinary temperatures ; and the gas is absorbed by fuming sulphuric acid. 
Acetylene can b« h^^-drogenized (reduced) to ethylene, C 2 H 4 , and to ethane, 
C 2 He, if it be mixed with hydrogen, and passed over finely-divided nickel. 
Acetylene is poisonous and soon induces headache. The risk of poisoning 
with acetylene is much less than with carbon monoxide because acetylene 
is easily detected by its smell. The colour of the blood, in cases of acety- 
lene poisoning, is said to be cherry red as with carbon monoxide poisoning, 
but the hsemoglobiii is not affected in the same way. There is more hope 
of recovery with acetylene poisoning than with carbon monoxide poisoning. 

Action of chlorine.— If a gas cylinder be partly filled with acetylene, 
and cMorine be allowed to pass into the cylinder bubble by bubble, the 
acetylene flashes as the chlorine enters, and deposits soot on the walls of the 
cylinder. Note that methane and ethylene when mixed with chlorine must 
foe ignited before the soot is deposited. This experiment can be varied in 
an interesting manner by filling a cylinder about one-fifth full with a fresh 
solution of “ chloride of lime,” and then adding some hydrochloric acid. 
The cylinder will soon be filled with chlorine gas. Add a few pieces of 
calcium carbide the size of a pea. As soon as the acetylene comes in 
contact with the chlorine, it bursts into flame with the separation of 
large volumes of soot : C 2 H 2 + CI 2 == 20 -f- 2HCI. 

Combustion. — Acetylene burns with a luminous smoky flame, but, 
like the other hydrocarbon gases, it extinguishes a lighted taper plunged 
into the gas. If acetylene be burned from a jet with a very &ie aperture 
the flame is not smoky, but it is exceedingly luminous. In most acetylene 
burners the gas issues as two small jets so arranged that they strike against 
one another and produce a flat flame. Other holes are located so that air 
is drawn in and mixed with the gas as it rushes through the nozzle — e.g. the 
gas jet of an ordinary acetylene bicycle lamp. The great luminosity of 
the acetylene flame, coupled with the easy preparation of the gas from 
“ carbide,” has led to the extensive use of acetylene for bicycle lamps, 
houses, etc., where coal gas is not convenient ; acetylene is also used to 
increase the luminosity of other inflammable gases. If the luminosity 
(candles per cubic foot) of methane foe taken as one unit, the luminosity 
of ethylene is about 20 ; and acetylene, about 50. Acetylene is violently 
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explosive when mixed with 2|' times its voiume of oxygen. The gas cannot 
be safely stored under a greater pressure than 2 atmospheres— -30 lbs. 
per square inch — because it is then liable to explode, violently by mere 
shock. One method of storing acetylene under pressure is to employ a 
solution of the gas in acetone, which, under a pressure of 12 atmospheres, 
dissolves 300 times its volume at ordinary temperatures. Oxy-aceiylem 
hlowjnpes are used for welding pieces of iron and steel together under con- 
ditions where forge wielding is impracticable. The flame is produced by 
burning a mixture of the two gases delivered into special blowpipes under 
pressure (the acetylene from an acetone solution of acetylene under 
pressure). The flame at the apex of the small central white cone has a 
temperature of about SOOG*^. At that point, the flame is almost entirely 
carbon monoxide surrounded by a jacket of hydrogen. The temperature 
at the apex of the flame is too high to allow the hydrogen to combine with 
the oxygen. The flame is therefore hot enough to melt iron and steel, 
and yet sufficiently reducing to protect the fused metal from oxidation 
while the welding is in progress. The oxy-acetylene biovq)ipe flame 
(2400®) is said to be hotter than the flame furnished by any other blow- 
pipe — ^the oxy-hydrogeii flame is about 2000®. 

Action of heat. — ^Although stable at comparatively high temperatures 
— ^^vitiiess its formation in the electric arc (Fig. 269) — ^it is easily decom- 
posed, with the separation of carbon, at lower temperatures. For instance, 
when heated in a glass tube to a temperatui’e between 780® and 800° by 
means of an ordinary gas burner, Fig. 270, p. 854. The carbon which 
separates glows brightly owing to the heat developed during the decom- 
position of the acetylene : C 2 H 2 20 -f Hg -{- 50 Gals. These pheno- 
mena, (i) ready separation of carbon; and (2) the liberation of thermal 
energy wMch raises the temperature of the products of decomposition, 
appear to be related with the high luminosity of the acetylene flame. A 
commercial process for the manufacture of hydrogen is based upon this 
reaction. The separated carbon is employed as a high-grade lamp black. 
If acetylene be slowly passed through a glass tube at a dull red-heat, 500® 
to 600®, and then through a condenser, a few cubic centimetres of an oil 
will be obtained which, when distilled, furnishes a colourless volatile liquid 
which boils between 70® and 90°. It contains benzene as well as smaller 
quantities of anthracene, naphthalene, etc. Ethylene and methane 
appear to be formed at the same time. The benzene appears to be pro- 
duced by the polymerization of the acetylene ; SCgHg = CgHg. Acetylene 
is also decomposed at still lower temperatures, 130® to 250°, in presence 
of finely divided metals — copper, iron, etc. 

Acetyiides. — ^The amount of acetylene in a mixture of diiferent gases 
is determined by leading the mixture through an ammoniacal solution of 
cuprous chloride, when a reddish-brown precipitate of copper acetylide, 
usually represented by Bloohmann’s formula, CgHgCugO, is formed. 
This, when dried, forms copper acetylide, CgCur, which is explosive 
when heated between 50® and 90®, or subjected to percussion. The 
amount of acetylene is determined by filtering and washuig the precipitate 
with axnmoniacai water until the washing w^ater is colourless. The preci- 
pitate is dissolved in hydrocMork acid, and the; copper detennined in the 
usual manner. Ev'cry gram of .'..copper ao obtained represents 0T7 gram 
ol acetylene. ^ The pre^nce'^.; acetylene in coal gas can be established 
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by sending a known yolnme of coal gas tlii'ough the ammoniacal solution 
of cuprous chloride. An appreciable precipitate is formed in five or ten 
minutes. In the series of hydrogen compounds of nitrogen ranging frozn 
ammonia to azoimide or hydrazoic acid, a reduction in the proportion of 
hydrogen was attended by increased acidity ; so of the carbon compounds, 
CgHg, €3114, C2H2, acetylene alone behaves Hke an acid because its hydrogen 
atoms can be replaced by a metal. The low solubility of acetylene in 
alkaline solutions shows that its acidic character is probably very feeble. 

Composition. — The composition of acetylene has been established by 
methods similar to those employed for ethylene and methane. The 
results correspond with the molecule CoHo, and the graphic formula 

:h~-c^c-~b;. , . “ . , 

§ 4. Hydrocarbons — Homology. 

Between 250 and 300 compounds of carbon and hydrogen are known, 
and they can be arranged in a few series the members of which have many 
properties in common. The first member of each of the following three 
series is usually treated in inorganic chemistry, and all the series are dis- 
cussed in organic chemistry. 


Paraffin Series. 

Boiling 
point. 

Methane . CH 4 —164® 

Ethane . CgHg —93® 

Propane . C^Hg —45® 

Butane . C 4 Hi ,3 i® 

Pentane . 38® 

Hexane . 0 gHj 4 70® 


Olefine Series., 

Boiling 

point. 


Ethylene . 
Propylene . 
Butylene . 
Amylene . 
Hexylene . 


CoH. -105° 


Acetylene Series. 

Boiling 

point. 

Acetylene . C 2 H 2 —83-6® 
Allylen© . CgH^ —23*5® 
Crotonylene C 4 H 3 —27° 
Valerylene O-Hg 48® 
Hexoylene CgHjo 80® 


General formula C«H 2 n+ 2 General formula CwHan General formuala GnHgn a 

Any member of a series is represented by the general formula of its 
series. As recommended by C. Gerhardt (1843), each series is called an 
homologous series because there is a constant difference — CHg — between 
any one compound and the next higher or lower member so that all the 
compounds of the series appear to be proportional. In the paraffin series 
if n be less than five the hydrocarbon is gaseous at ordinary temperatures : 
fi’om ■??. = 5 to = 15, liquid ; and from n = 16 upwards, solid. The 
boiling or melting point usually rises with increasing values of 71 for each 
homologous series. The hydrocarbons of the first series are rather inerts 
chemically, insoluble in water, and dissolve in one another in aU propor- 
tions ; they are excellent solvents for fats and similar substances ; they 
burn readily, forming carbon dioxide and water ; the gases explode when 
mixed with oxygen and ignited ; the greater the cai*bon content the more 
luminous the fiame. The terpene series of hydrocarbons — Oj4H2fj_4 — 
starts with valylene, O^He, and turpentine is the member. The 

benzene or aromatic series-— — starts with benzene which is the 
CgHg member ; toluene is G^Hg ; and xylene, OgHjo, 

Organic chemists have developed a most extensive chemistry of the 
compounds of carbon which is based on the following hypotheses : (1) the 
valency of the carbon atom is always four ;, (2) the four affinity units are 
equivalent; (3) they are distributed in space in three dimensions, and 
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act in the direction of the axes of a tetrahedron ; (4) the carbon atoms 
can unite with one another by means of one, two, or three affinity units 
and form chains of compounds, these chains may be open or closed. The 
number of carbon atoms so united may be very large. The closed chains 
usually contain three, four, five, six or seven carbon atoms in the ring, 
and in these chains (open or closed) some of the carbon atoms may be 
replaced by atoms of oxygen, nitrogen, sulphur, etc. 

Constitution.— It is interesting to apply the hypothesis that the carbon 
atom behaves as if it were a regular tetrahedron to the 2-carbon member 
of each of the three series indicated above, viz. ethane, ethene or ethylene, 
ethiiie or acetylene, and benzene. The subjoined diagrams illustrate how 
the tetrahedra may be united in each case. Benzene is an illustration of 
a closed chain or six-carbon ring. It has been supposed that the decreas- 
ing stability of these compounds udth an increase in the number of 
linking bonds is due to the bending or straining or displace?nent of the linking 
bonds from their most stable position — ^namely, that in which the linking 
bonds are directed from the centre towards the apices of a tetrahedron. 
"When the four valencies of a carbon are satisfied by four different univalent 
groups, the resulting compound is usually optically active. This also 
applies to some other elements — tin, sulphur, and selenium. Thus : 


OH>S“<C 


Br. q^CHs-COOCoH, 

nxs XT “ 


.CHs.COOH 


represent optically active compounds. In organic chemistry there is 
some evidence for the belief that a series of compounds exist in which carbon 
is tervalent7~e.gr. triphenylmethane, C(CeH5)3. 

Polymerization. — ^It will be observed that each member of the olefine 
series might be regarded, as an ailotropic modification of the other. 


I 



Ethane — CgH^. Ethylene — C2H4. Acetylene — Benzene — CgHg. 

Chemical analyses show that they all have the same percentage composi- 
tion, and all can be represented by the general formula (CHa)^. In the case 
of ethylene, n 2 ; butylene, = 4, etc. Similarly acetylene — CUHg — 
has tiie same percentage composition as benzene — CgHe. They differ from 
one another in their molecular weight. Polymerism is a word used to 
express the fact that two or more different compounds may have the same 
percentcage composition but different molecular weights. Water is pro- 
bably another example. We are almost certain that in steam most of the 
molecules are HgO ; in liquid Vater probably : and in ice the molecule 

is probably still more complex. The different polymeric modifications of 
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a compound may contain the same elements, but they appear to Be asso- 
ciated with different proportions of available energy, e.g, 2C -{- 2H = 

- 58-1 Cals ; 6C + 6H - CgHg - 82*8 Cals. ' ' 

The student will have noticed that in naming coinpomids we usually 
place the more electropositive element first. Thus, from Table XXIV., 
hydrogen is more electropositive than oxygen, and accordingly water is 
said to be a hydrogen oxide, not an oxygen hydride. 

§ 5. The Different Kinds of Chemical Action. 

The immediate effect of affinity which a body exerts is always a combination ; 
hence all the effects produced by chemical action are the consequences of 
the formation of some combination. — -C. L. Berthollet (1803). 

All chemical changes are reducible to union (identification) and division 
(differentiation).— T, S. Hunt (1861). 

This is a convenient place to review the different kinds of chemical 
action so far considered: 

I.-— Reactions among Molecules of the Same Substance. 

1. Isomeric changes. — The atoms of the molecule undergo a rearrange- 
ment to form a new substance of the same composition as the old, but with 
different properties, as when ammonium cyanate, NH4CXO, forms urea, 

2. Polymerization. — Two or more similar molecules may unite together 
to form a more complex molecule. E.g, three molecules of acetylene, 
C2H2, may unite and form one molecule of benzene, CgHg. 

3. Depolymerization. — A complex molecule decomposes, producing 
two or more molecules of the same kind, e.g. the dissociation of nitrogen 
tetroxide, N2O4, into two molecules of NOg. 

-4. Condensation. — ^When two (or more) molecules of a compound 
unite with the elimination of two (or more) atoms or radicles. E.g, when 
two molecules of sodium sulphite, in the presence of iodine, may each 
eliminate an atom of sodium, and then unite to form sodium dithionate, 
and the sodium atoms unite with the iodine to form sodium iodide. 

5. Decomposition or analytical reactions. — A substance forms two 
or more different substances. E,g. mercuric oxide furnishes mercury and 
oxygen. 

II. — Reactions between Molecules of Different Compounds. 

6. Combination or synthetical reactions. — Two or more different 
substances unite to produce another substance. E,g, zinc and oxygen 
unite to form zinc oxide ; calcium oxide and carbon dioxide form calcium 
carbonate ; ethylene and chlorine form ethylene dichloride (addition pro- 
duct). 

7. Metathesis or exchange. — ^Two or more substances interact to 
form two or more new substances. Metathesis, from the Greek p-erd (meta), 
beyond ; ndico (titheo), I place. The transposition may involve : 

(a) Simple displacement, replacement, or substitution of one radicle 
or element for anotlier. jSJ.gr. metalHa iron witli copper sulphate 
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forms metaiiio copper and ferrous suipkate ; zinc and hydro- 
chloric acid give zinc chloride and hydrogen. 

(h) Double decomposition or mutual exchange such as occurs during 
hydrolysis, neutralization, etc. E,g. sodium hydroxide and 
hj’drochloric acid give water and sodium chloride ; silver nitrate 
and sodium chloride give silver chloride and sodium nitrate. 

§ 6. Natural Gas, Petroleum and Related Products, 

In the inflammable gas issuing from the earth in the vicinity of petroliferous 
formations, Nature, with profuse liberality, has provided a clean, serviceable 
fuel for the use of the engineer.— -Akon. 

The firedamp of the miner is a natural gas which has been known from 
a very remote period.- The jets of gas which issue from fissures in the earth 
in many parts of the world are constant or intermittent and the gas is of 
a similar nature. The perpetual fires in the district about Baku on the 
Caspian Sea were objects of awe and wonder. The flames were main- 
tained by an invisible mysterious agent. The unknown was taken to be 
a supernatural agent, and the blazing jets were considered by the untutored, 
credulous, and superstitious ancient dwellers in those regions to be a 
convincing and direct proof of the presence of a deity. Altars and temples 
were built on the hihs for the worship of the unknown god wdio was called 
“ the soul-of-the-world,” or “ the spirit of fire.” To-day we know that 
the perpetual fires are merely jets of hydrocarbon issuing from fissures 
communicating with a subten*anean bed of coal, shale, or oil reservoir. 
The hj^'dxocarbon vapours being inflammable, burn in contact wdth the 
air. The emission of natural gas from the earth at great pressures has 
been utilized by chemical engineers ; and in the United States, where 
immense supplies of natural gas are available, the gas is distributed to 
consumers in toTOs, and numerous industrial processes are carried on 
with its aid as a fuel. The gas is usually ready for immediate consumi)- 
tion, and is somewhat similar to and sometimes superior to the gas pre- 
pared in producers, gasworks, etc. 

Petroleum. — Crude petroleum — ^also called rock oil — ^is a thick viscid 
liquid varying in colour from straw-yellow to greenish-black, and most 
varieties show a greenish fluorescence by reflected light. Petroleum is 
a complex mixture of many hydrocarbons belonging principally to the 
paraffin series along with small quantities of nitrogen and sulphur com- 
pounds. Petroleum occurs in the Baku district in Russia ; in California, 
Colorado, Indiana, Kansas, Kentucky, New York, Ohio, and Texas in the 
United States ; in Mexico, Canada, India, Egypt, South and West Africa, 
Peru, Trimdad, Barbadoes, Borneo, Burmah, Australia, New Zealand, etc. 

The oil apparently occurs underground, and in some places it issues 
from the earth without man’s assistance. It is usually necessary to 
bore ” through the overlying strata and insert a pipe in the “ oil basin.” 
When first “ tapped,” the oil often shoots ” out of the “ well,” but the 
Telocity of ^ the stream gradually subsides,^ and, after a time, the oil is 
pumped ” to the surface ; conveyed by pipes to a central reservoir for 

^ ^ I^'hen the Lucas oil-well (Beaicpaout, Texas) was first “ tapped ” in 1901, a 
of oil is said to, have jwuted 160 feet high for 9 days at the rats 
of 75,000 ba»els , per ^ a 
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Bon hole 


storage ; and aftemards distributed. Big. 273 is a diagrammatio sketch 
through the strata of an oiifieid, and it is intended to give a rough idea of 
the way the oil and gas are associated in some oilfields. The gas and oil 
here collect near the summit of an anticlinal (concave dowmvards) fold 
cajjped by an impervious rock — called ‘‘cap-rock.” If the gas is under 
pressure, it is easy to understand, from Big. 273, how the oil from the 
“ bore ’’ shown in the diagram 
ivould be expelled with some 
violence until the pressure is 
relieved. Saline water is 
usually associated with oil 
and gas. In some cases the 
oil is obtained from a hori- 
zontal stratum of porous sand- 
stone or limestone saturated 
with oil 

Origin of petroleum. — The 
origin of petroleum is unknovm. 



Gap-rock 




^&rom 

'aodofooe 


Fig. 273. 


-Geological Section of Oil-well 
(Diagi’aminatio). 


Some argue : (1) that petroleum is a product of the slow distillation of animal 
or vegetable products — at high or at low temperatures. It is assumed in 
some cases that processes analogous vdth the manufacture of coal gas 
are being performed on a colossal scale in the bow^els of the earth. While 
the commercial process for making coal-gas gives a preponderance of hydro- 
carbons of the benzene series, natural petroleums usuall}^ have the paraffin 
series predominant. If, however, coals be distilled at a low temperature 
under reduced pressure, the products approach very nearly to those 
obtained with natural petroleum. Thus, by distilling coal in vacuo at 
450®, Pictet and Bouvier (1913) obtained a tar which yielded products 
similar to those obtained with Canadian petroleums. Hence, it is inferred 
that petroleum is one of Nature’s by-products from the low temperature 
distillation of coal. The gas obtained by such a process contains more 
carbon dioxide and monoxide then is found in natural gas, but this would 
foe absorbed from the gas by alkaline subterranean waters produced by 
the weathering of rocks. Carbon monoxide in contact with hydrogen is 
oxidized to the dioxide at temperatures as low as 250® in the presence of 
ferric or cupric oxide. Hence both carbon monoxide and dioxide would 
disappear. Others — Mendeleeff, Berthelot — ^argue (2) that the oils 
and gas are produced by the interaction of water with metallic carbides 
— say, iron carbide — at great depths. (3) P. Sabatier has shown that 
acetylene in contact with nickel at different temperatures and wdth vaiying 
proportions of hydrogen, furnish complex hydrocarbons which in every 
respect resemble natural petroleums. The claims of these and other rival 
theories eamiot be established in ignorance of the conditions which prevail 
in the locality where the petroleums were formed. Possibly each theory 
may be valid in some special district. 

Refining.— Crude petroleum is used as a fuel in many industries— 
metallurgy, locomotives, fire-engines, steamships, etc. A great deal of 
petroiemn is purified or refined. The treatment of petroleum oil and its 
products is a -vast industry^. Over 200 different commercial products 
are derived from the purification, and refining of petroleum. The crude 
petroleum is placed in a retort — “stiH ”-*rconnected with condensing 
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tubes and reoeiving taisl^s. The temperature is gradually raised. At 
first, the lighter substances are volatilized and condensed in suitable 
receivers. The are changed when the specific gravity of the 

distillate has attained a certain value, or when the temperature of the 
retort has been raised sufficiently high. The chief fractions are : 


Table LIII.— Pbodxjcts of the Distillation of PETBOLEtm. 


.fraction. 

Cliief contents. 

Approxi- 
mate boiling 
point. 

, Uses. 

Cymogene . . • . - . 


About 0° 

Artificial cold. 

Bhigolene . . . . . . 


16° 

Local ansesthe- 

Petroleum ether . . . . . 

C^HiatoCeHii 

50-60° 

tic by freezing. 
Solvent ; fuel. 

Gasoline ; petrol . . 

C H 4 to C,Hie 

70-90° 

Solvent ; fuel. 

Ligi’om ; naphtha . . . . 

C,H*e to 

90-120° 

Solvent ; fuel. 

Benzine (not benzene) ; benzo- 

CsHistoCgH^o 

110-140° 

Solvent ; sub- 

line 

Kerosene ; photogene ; paraffin 


150-300° 

stitute paint 
oil. 

Fuel ; illumi- 


1 C 9 II 20 


nant. 


The residue in the retort is transferred to another still, and further 
heated to a high temperature. It furnishes lubricating oils ; vaseline 
to C 21 H 44 ) used for ointments, etc. ; paraffin (C 21 H 44 to C 32 H 66 , 
melting between 45° and 76°) used for candles, insulating, etc. The residue 
in the retort is mainly coke. The products may be still further purified. 
For instance, kerosene is w^ashed with sulphuric acid, and then wdth caustic 
soda or sodium carbonate and water to get rid of tarry matters and “ semi- 
solid ” hydrocarbons which might choke the wicks of lamps ; and after- 
wards redistilled to remove oils of low flash-point (p. 909) which might 
cause an explosion -when the oil is used as an illuminant. Sulphur com- 
pounds can be removed, to a certain extent, by treatment with cupric oxide. 
The methods for removing sulphur from these oils are mainly trade secrets. 

There is no record where bitumen was first discovered. It is men- 
tioned many times in the Bible — e.g. Genesis ix. 3 — and Strabo said that it 
w^as used by the Egyptians in emblaming the dead. Centuries before 
the Christian era, Baku was a resort for the fire-worshippers of Persia 
and India, and not until 1880 were pilgrimages stopped by the Russian 
Government. 

Ozokerite, or ozocerite, is a wax-like, aark yellow or browm, native 
paraffin wdth a greenish opalescence. It is found associated with petroleum 
in the sandstone of Galicia, where it is extensively mined. Small quantities 
arc found in other places. Ozokerite when bleached and purified furnishes 
ceresine — ^used as a substitute for beeswax, for making ointments, candies, 
and bottles for storing hyi’ofiuoric acid. Ozokerite and aaphaltum 
, appear, to, be residues left after the' natural distillation of petroleum. 
Asphaltum or mineral pitch Occurs in quantity in the ‘‘ pitch lake ” of 
Trinidad. It may occur as a soft brownish-black substance, or as a black 
_ It is a mixture of\diferent -hydrocarbons >nd resembles artificial 



: ' : - 865' 

asplialtum or pitch, obtained by the distillation of coal tar. It is used for 
making pavements, waterproofing materials, etc. 

Oil shales,—- These shales are associated with the sandstones, clays, and 
limestones: of the caloiferous sandstone series ” in Mid and West Lothianv 
and other parts of Scotland. The oil shales of New South Wales are also 
called ‘M^erosene shales.” Good oil shales can ofte:ii be lighted with a 
match, when they burn with a steady fiame resembling a candle. Wlien 
heated to dull redness in vertical retoits, they furnish gas and a liquid 
distillate which separates into two layers — ^the lower aqueous layer contains 
ammonium compounds ; the upper layer has a greenish-brown colour and 
it contains oil and tar. This layer closely resembles petroleum, and gives 
similar products on fractional distillation. The distillation of oil shales 
is facilitated by blowing low-pressure steam into the retorts. Scotch 
shales furnish from 18 to 50 gallons of crude oil per ton ; New South Wales 
shales are said to yield up to 100 or 150 gallons of crude oil per ton. The 
shale-oil of Piimpherston (Scotland) was distilled five times and scoured, 
four times with sodium hydroxide, and with sulphuric acid before it 
furnished the “ clear water- white ” oil. Dry distillation or destructive 
distillation are terms applied to the decomposition of a substance in a 
closed vessel so as to obtain the volatile products. 

§ 7. The Calorific Power of Fuels. 

Thermal energy, heat, is largely employed for domestic and industrial 
purposes, and a very large proportion of the mechanical and electrical 
energy employed in the industrial world is really derived from the com- 
bustion of carbon in the form of coal. In other words, during combustion, 
the chemical energy “ stored ” up in the fuel is degraded in the form of 
heat energy, which in turn is transformed into mechanical and also into 
electrical energy. There is unfortunately a tremendous percentage loss 
in the transformation, and one of the most important problems confronting 
the chemical engineer is to reduce this loss to a minimum. The amount 
of fuel necessary for inaugurating chemical reactions in raetailurgy is one 
of the most important controlling factors in the commercial success of 
many processes. There is also quite a host of commercial problems which 
depend on the utilization of chemical energy, so that the energetics of 
chemical processes should be studied with as much diligence as the weight 
and volume relations of the substances concerned in chemical reactions. 

The commercial value of coal, to a large extent, is determined by its 
heat of combustion, and, consequently, many prefer to purchase coal by 
a scale based on its heating power, not merely on its price per ton. Other 
things being equal, a coal bought at lOs. per ton might prove much cheaper 
than coal at, say, 9s, lOd, per ton, because the heating power, le, the 
available chemical energy, of the former might be greater. In com- 
mercial work, the amount of heat furnished by the combustion of unit 
weight (pound, gram, or kilogram) of the fuel is called the calorific power 
of the fuel. The unit of heat may be the amount of heat required to raise 
the temperature of one pound of water 1® C.-— tliis is called the pound 
calorie; if 1'" F. is used, the so-called British thermal unit— B.T.U.-— is 
obtained. Kilogram and gram- calories, are also used. 

The heat of combustion of carbon (charcoal) is 96,980 cals, (p. 239), 
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This means that 12 grams of carbon will furnish, on combustion to carbon 
dioxide, 96,980 calories. Heiice one gi‘am of carbon will furnish 96,980 
^ 12 === 8080 cals. This number, 8080 cals., is taken to represent the 
calorific power of the carbon. The calorific power of a few important 


constituents of fuel are : 

, ■ . , ■ , ' ' ■ ' , '.calories. 

Carbon to CO 2 . . . . . . . . . • * • S,080 

Carbon to CO .... . . .... . . 

Carbon monoxide . . . . . - . . • • • 5,680 

Hydrogen {to liquid water) ........ 29,300 

Methane, CH4 (to Hqnid water ....... 11,850 

Ethylene, CoH^ (to liquid water) . . . . . . 10,460 

Acetylene, (kHs (to liquid water) > . . . . . 11,600 


The calorific power of coal determined in a bomb calorimeter is not 
very far removed from that calculated from the ultimate composition 
of the coal on the assumption that the oxygen in the coai will render one- 
eighth of its own Tveight of hydrogen useless, so far as the development 
of heat is concerned. 

Example. — A sample of coal furnished, on analysis, 73 per cent, of carbon I 
6-0 per cent, of hydrogen ; and 16 per cent, of oxygeia. The other constituents 
were non-combustibles. \Vhat is the calculated calorific power of the coai ? 
The analysis means that 1 lb. of the coal contains 0*73 lb. of carbon ; 0*06 lb. of 
hydrogen j and 0*16 lb. of oxygen ; ^ of 0*16 is 0*02, hence, 0*04 lb. of hydrogen 
is available for heating purposes. The carbon furnishes 8080 X 0*73 = 6808*4 cals, 
and the hydrogen 0*04 x 29,300 — 1172 cals. Adding these two results, the calcu- 
lated calorific power of the coal is 8070*4 cals. 

The calorific power of gaseous fuels — ^producer gas, water gas, etc. — 
can be determined in a similar manner &om the table which precedes. 
There is a small complication in that the analysis of the gases is usually 
represented by volume. The method indicated on p. 85 is employed to 
convert the volumes into weights. The calorific power refers to the 
thermal value of unit weight (pound, gram, or kilogram). With gases it 
is more convenient to express the result as the thermal vediie of 1000 
cubic feet of gas. 

Example. — It k required to find the heat of combustion of 1000 c. ft. of a 
sample of coal gas which furnished, on analysis ; hydrogen, 48 per cent, ; carbon 
monoxide, 8 ; methane, 36 ; ethylene, 3*8 ; nitrogen, 4*2 per cent. 



1 , Percentage : 
^composition 

Weight of 

I c. ft. in lbs. 

iTotal weight; Percentage 
per lb. ; weight. 

¥/ eight pel 
lb, of gas. 

Hydrogen 
Carbon mon- 1 


0*0056 

0*269 


0*086 

oxide . 



0*625 

20*0 

0*200 

Methane , 


0*0447'";:'-'-'^i 

1*609 

61*4 

0*514. 

Ethylene . 


0*U78d 

0*298 


0*095 

Nitrogen . , 



0*329 





■ 1 


100*0 

1*000 
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Again, 


Combustible 

constituents. 

Weight per lb. 
of coal gas. 

Calorific power 
per lb. 

Calorific power, 
calories.' ■ 

Hydrogen , " . . . 

0*086 

29,300 

2,517' ' 

Carbon monoxide . . 

0-200 

2,400 

479 

Methane . ..... 

O’oU 

12,000 

6,169 

Ethylene ■ . . . , 

0-095 

10,400 

990 


Total . . , . . . ... .... . . 10,155 


100 c. ft. of the gas weighs 31*3 lbs., and 1 lb. of the gas furnishes 10,155 cals.» 
consequently, 1000 c, ft. will furnish 10,155 X 31*3 = 317,900 cals. 

The student, after solving the problems indicated in what precedes, should 
have no difficulty in calculating the amount of air reqiiired for the combustion ; 
in calculating the composition of the products of combustion ; and conversely, 
as is sometimes needed in industrial work, in calculating the amoimt of air in 
excess of that required for complete combustion given the amount of carbon 
dioxide and oxygen in the flue gases (products of combustion). 

A popular way of showing the great amount of energy in coal is to 
calculate that the heat evolved during the complete combustion of a 
pound of coal is sufficient to raise 10,000,000 pounds a foot high. In 
attempting to convert the chemical into mechanical energy, about 90 per 
cent, is lost. The best of steam engines can utilize but one-eighth to one- 
tenth of the available energy. 

§ 8. The Temperature of Combustion* 

Although the heat of combustion is constant for a definite substance, 
the actual temperature attained by the combustion is dependent upon a 
number of factors. One pound of carbon furnishes 8080 (pound) cals. 
The combustion of one pound of carbon gives 3f lbs. of carbon dioxide ; 
the specific heat of carbon dioxide is 0*216. From the well-known formula ; 
Quantity of heat is equivalent to the mass of substance heated multiplied 
by the specifio heat of the substances heated multiplied by the rise of 
temperature, %ve get : 

8080 = B§ X 0*216 X Kise of temperature. 

Hence the rise of temperature is 10,180°. We have assumed that the 
carbon w^as heated in oxygen, and the heat of combustion is spent in 
raising the temperature of the products of combustion. If the carbon 
were burnt in air, the 2f lbs. of oxygen required for the complete com- 
bustion of carbon w'ould be accompanied by 8*9 lbs. of nitrogen. If nitrogen 
be present as weE as oxygen, part of the heat w^ill be spent in raising 
the teinporature of the nitrogen. Nitrogen has a specific heat 0*244, 
Hence : . . , r . 

8080 = m X 0*216 -f 8*9 X 0*244) X Rise of temperature 

or the rise of temperature will be 2733°, . If an excess of air be present, 
the temperature will be still further reduced* Hence the calculation of 
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the heat of coiOLbnstioii of a substance requires a knowledge of the com- 
position of the mixture heated, the specific heat of the products of com- 
bustion, etc. If the combustion be slow, some of the heat may be lost 
by conduction, radiation, etc. Then again, the specific heat of gases 
increases with rising temperatures so that the specific heat of a gas deter- 
mined at low temperatures, say 100 "^, is not the same as the specific heat 
of the gas at, say, 1000 °. Hence, calculations of the temperature of 
combustion, made in ignorance of these factors, are not of much practical 
value, although they are sometimes useful for purposes of comparison. 

Example. — W hat is the heat of combustion of methane in oxygen and in air 
when the calorific power is 12,000 ? Given the specific heat of steam, 0*480; 
nitrogen, 0*244 ; and carbon dioxide, 0*216. Ansr, Nearly 7160° in oxygen, and 
2430° in air. Hint, 2*75 lbs. of carbon dioxide, 2*25 lbs. of steam, and l3*4 lbs. 
of nitrogen are concerned in the combustion of 1 lb. of methane. 

It is also necessary to remember that when the intensity factor of 
thermal energy liberated during combustion gets very high, the products 
of combustion may be “miburnt ” by dissociation, for the consumption of 
energy bj?* the dissociating gases cools the system. This discociation 
reverses the process of combustion of fuel with oxygen. In this sense it 
may be said that the rise of temperature during combustion counteracts 
the affinity of the fuel for oxygen, and tends to reduce the temperature 
of combustion below that computed on the assumption that combustion 
is complete. Given the amount of dissociation it is easy to make the 
proper allowance. It also follows that there is a limit to the temperature 
attainable by the combustion of a given fuel. 

§ 9. Gmpowder, 

Of the mischievous composition and diabolical abuse of gunpowder, much 
might be \TTitten, but because the present world taketh only delight in 
shedding innocent blood, and cannot endure that unrighteous things 
should bo reproved, and good things prrdsed, therefore it is best to be 
silent, — J. R, Glauber (1658). 

If potassium nitrate be mixed with powdered charcoal, and heated, 
the two materials react with explosive violence, forming potassium car- 
bonate, nitrogen, and carbon dioxide; 4KNO3 + — 2KJOO^ d- 2N2 

4 * 3CO2. The volume of the gases produced is so much gieater than that 
of the original volume of the mixed solids that if the powder be ignited 
in a closed space, the expanding gases give the mixture the propelling, 
tearing, and splitting powers characteristic of explosives. It was soon 
found that the explosive effect is greater if the nitre and charcoal be mixed 
with sulphur, so that instead of solid potassium carbonate a residue of solid 
potassium sulphide is obtained ; though side reactions lead to the formation 
of other products. The mixture is called gunpo'wder. Theoretically the 
main reaction is represented : 4KNO3 Sa + = 2K2S + OGOg ; 

though side reactions lead to the formation of other j)roducts. As an 
exercise on the methods of calculation indicated on the preceding pages, 
w^e can compute the approximate pressure developed during the explosion 
of gunpowder. . 

ProbIem.-~I’o calculate, the appre^vtmte premure developed during the explosion 
oj gunpowder in a dosed vessel* For ease in oaicffiatiou, take the atomic weights 
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C, 12 ; , S, 32 ; O, 16 ; N, 14 ; K, 39, It follows that the tlieoretical’ mixture will', 
contain 404 grams of potassium nitrate ; 64 grams of sulphur ; and 72 grams of 
carbon. Otherwise expressed, 75 per cent, of nitre ; 12 per cent* of sulphur ; 
and 13 per cent, of charcoal. This very nearly represents the average com- 
position of gunpowder which is usually stated to be : nitre, 75 ; charcoal, 14 ; 
sulphur, 10 ; water, 1. The theoretical equation also shows that 220 grams of 
potassium sulphide ; 56, nitrogen ; and 264 of carbon dioxide are formed. Other- 
wise expressed, gunpowder on explosion fmnishes 59 per cent, of gas; or one 
gram of gtmpowder, at 0°, and 760 mm, pressure, furnishes 247*3 c.c. of carbon 
dioxide and 79 c.c. of nitrogen ; in all, 327 c.c. of gas consisting of 0*49 gram of 
carbon dioxide ; 0*10 gram of nitrogen ; and 0*41 gram of potassium sulphide. 
Again, one gram of an average gunpowder occupies 0*9 c.c. The surface exposed 
by one c.c. is 6 square cm., hence 0*9 C.c. will expose 5*4 square cm. But if 0*9 c.c. 
of gunpowder be confined at atmospheric pressure it follows that 327 c.c. will be 
confined under 327 -- 0*9 = 363*2 atmospheres pressure; or, if one gram of 
gunpowder at 0° be confined in a closed space and exploded, it furnishes sufficient 
gas to give 363*2 5*4 = 67*3 atmospheres pressure per square cm. 

The reaction indicated above is exothermal, and much heat is developed. 
The rise of temperature will cause the gas to expand with an ever-increasing 
pressure. One gram of carbon in burning to carbon dioxide develops 8080 cals. 
Hence 0*13 gram of carbon will furnish 1050 cals. Assuming that the specific 
heat, that is the amount of heat required to raise the temperature of one gram of 
the substance 1°, is constant ; and that the specific heat of carbon dioxide is 
0*22 ; of potassium sulphide, 0*4 ; and of nitrogen, 0*24 ; remembering also that 
the cj[uantity of heat Q is equal to the product of the weight of the substance 
heated, ta, the rise of temperature oj, and the specific heat s, we have Q — %dsx ; or, 

1050 = {(0*49 X 0*22) -f (0*1 X 0*24) + (0*41 X 0*4)}.r ; or, a; == 3540° 

This means that the combustion of one gram of gunpowder will give sufficient 
heat to raise the temperature of the products of combustion 3540°. If 326 c.c. 
of gas be heated 3540°, the pressure corresponds with 880 atmospheres per square 
cm.. Experiment shows that the observed pressure is but half that indicated by 
this theoretical discussion. The difference is due to several disturbing effects. 
(1) The analysis of the gaseous products of combustion shows that side reactions 
must also be in progress, for part of the oxygen forms KgSO^, some of the carbon 
burns to carbon monoxide ; some of the nitrogen to nitric oxide ; some hydrogen 
and hydrogen sulphide are produced by the decomposition of the water present 
in gunpowder ; and some of the gunpowder remains unburnt ; (2) the apparatus 
in which the test is made is slightly elastic, and this interferes with the accurate 
measurement of the pressure ; and (3) the specific heat of the gas increases 
appreciably with rise of temperature. 

Gunpowder appears to have been introduced into Europe from the 
Saracens, and it is said to have been first used by the English at the battle 
of Werewater in 1327, and with memorable effect by Edward III. at the 
battle of Crecy (1346). Roger Bacon is sometimes credited with the dis- 
cover}^, but there is every reason to suppose that he obtained his knowledge 
from an Arabian source. 

Modern chemistry has furnished man with explosive compounds— 
iiitrogiycerol and gun-cotton — ^which, under right conditions, do their 
work by decomposing with the evolution of a large volume of gas so 
rapidly that atmospheric air acts almost as if it were a resistant solid. 
Nitroglycerol is made by treating glycerol with concentrated nitric acid, and 
gun-cotton by treating cotton with the same acid. The violence of these 
compounds is tempered by mixing them with inert or less active substances. 
Thus, nitroglycerol absorbed by kieselguhr is dyummite ; and smoJceless 
powders are mixtures of gun-cotton and various “ secret ” substances. 
These explosives — excluding dynamite — ^give no solid product, and no 
“ smoke ’’ although a cloud of condensed water- vapour may be produced. 
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§ 10. Coal Gas. 

The mamifaefcure of coal ^as for purposes of illumination is one of the most 
striking instances of science enlisted in the divine cause of civilization. 
Once a luxury or convenience, it is now almost a necessity. — A non. 

Stephen Hales, in 1726, subjected coal to distillation, and succeeded 
in preparing an inflammable gas reseiUbling natural gas ; but the possi- 
bility of manufacturing an artificial source of illumination from coal gas 
was not seriously considered until near the end of the 18tb century. W* 
Murdock distilled coal in an iron retort, and lighted bis bouse with the gas 
so manufactured. P. Leloss, in 1786, lighted his bouse with the gas obtained 
by the distillation of wood, and, in 1800, proposed to light the streets of 
Paris. The project fell through because of the feeble luminosity of wood 
gas. After W. Murdock’s essay, several houses and factories were lighted 
with gas, but there were many complaints of the injurious effects of the 
products of combustion. No attempt had then been made to purify the 
gas. Coal gas had a great struggle for existence in its early days, but 
this only stimulated inventors to improved processes of mapufacture 
and application. The early gas, it was claimed, produced ‘‘ acids, stinks, 
and smokes,” and there was a constant risk of ‘‘ explosions, sore eyes, 
and blackened countenances.” The streets of London were lighted with 
coal gas in 1812, and those of Paris in 1815. 

When coal is heated in closed vessels to about 400°, it is carbonized, 
and a comparatively smaE quantity of gaseous, and a relatively large 
quantity of liquid, products are obtained. The hydrocarbon gases consist 
maialy of members of the methane and ethylene series. Benzene, acety- 
lene, and hydrogen are generally present. If the temperatui’e of distillation 
be raised, the quantity of liquid products decrease, and the quantity of 
gaseous products increase. In other words, more gas and less tar is 
obtained. The gas obtained by the high temperature distillation has less 
illuminating power. This is illustrated by the following table : 

Table LIV, — Efeect of Tempebatube of Fobmation on the 
Illuminating Poweb of Goal Gas. 


Approximate 

temperature. 

Volume of gas — 
-.0.. ft. 

Illuminating 
power — candies. 

: / ^ : ':420“: 

I,i00 


700° 

8,250 

20‘5 

800° 

9,690 

17*8 

1000° 

10,820 

16*7 

1200° 

12,000 

15-0 


This decrease in the illuminating power is due to the decomposition of 
the hydrocarbons into simpler compounds — ^hydrogen and gas carbon. 
The illuminating power of the g^ depends upon the proportion of “ total 
hydrocarbons ” present, and not bn any single one. In modern practice 
there is a tendency to raise the temperature of distillation, thus sacrificing 
quality (ie. illuminating power) for quantity (i.e. cubic feet per ton of 
coal). The gas obtain^ froffi.coal k not uniform, but varies in com- 
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position witli the nature of the coal, the temperature of decomposition, etc. 
The tar, carbon dioxide, sulphur and ammonia compounds, etc. — pro- 
duced during the distillation of the coal— are removed from the gas, and 
finally, when the distillation is conducted in the neighbourhood of lOOO'^, 
the purified coal gas contains approximately : 

Hydrogen. Methane. Ethylene. dtoide. Nitrogen. Oxygen. 

49 ■ S5 4 4 ■ ■ - 1- 4 per cent. 

The approximate proportions of the by-products produced at the same 
time, are, per ton of coal ; , , 


lbs. percent. 

Coal gas (10,000 e. ft.) . . , . . . , 380 17*0 

Tar. . . .... 115 5*1 

Gas liquor (without water from scrubbers) . . 177 7*9 

Coke . . . . . , . . . . . . 1568 70*0 



Fig. 274.- 


GasJRroiZucer 

-Coal Gas Works (Diagrammatic Section). 


There are differences in detail in the manufacture at different gasworks. 
The following brief description assisted by the diagrammatic sketch, 
Fig. 274, will give a rough idea of the process of manufacture. 

1, The retorts.— The coal is distilled in p-shaped fireclay retorts 
6 to 8 feet long. The retort may be set horizontally, vertically, or 
slanting. On small works, the retorts are closed at one end ; and in larger 
works, open at both ends. The retort is fixed to the iron furnace front 
which is provided with a door, and connected with a vertical exit pipe — 
the asmision pipe — ^for the escape of the volatile products. The retorts 
are generally arranged in tiers of 5, 7, or 9, so that they can be heated by a 
single furnace. The charge — about 200 lbs. of coal— is distributed evenly 
over the bottom of each retort and the mouth of the retort luted air- 
tight. The retorts are heated by the furnace which will be discussed 
later. The volatile products pass from the retort into the hydraulic 
main T?Mch contains condensed coal tar and w^ater. This main runs 
hoiizontally over the front of the bench of retorts^ and all the retorts 
discharge into it. The gas is here partly cooled, and some tar and water 
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are condensed from the kot gas. The pipe leading the gas from the 
retort dips into the liquid in the hydraulic main, and so prevents the 
gas from passing back— back lash ” — ^when the retorts are recharged. 

The liquid in the hydraulic main is kept at a constant level by leading any 
excess into the tm well In from four to six hours, the distillation will 
be complete. The coke is pushed or raked from the retort, and quenched 
with water to prevent further combustion. Another charge of coal is 
quickly introduced into the retort-. The residual coke may be used for 
heating the retorts, and part is sold. 

2. The condensers.— The hot impure gases pass from the hydraulic 
main into a series of ii’on j)ipes, several hundred feet long— the condensers — 
connected so that the gas must pass through the entire length of the pipe. 

The gas is here cooled still further, and more tar is condensed and run to 
the tar well The condensed liquid in the tar well separates into two 
layers — the lower layer is gas tar ; and the upper aqueous solution con* ^ 
taming ammonia and ammonium salts is the liquor. The gas is drawn 

from the hj^draulic main through the condensers by means of an exhaust 
pimp which reduces the pressure in the retort, and also regulates the 
pressure of the gas sent along to be stiH further purified. 

3. The scrubbers.— In modern works ah the tar is removed from the 
gas in the condensing plant, but the gas stiH contains sulphur compounds, 
carbon dioxide, some ammonia, and possibly some tar. In one form of 
scrulSber, a tower is filled wdth trays charged with coke or pebbles. The 
tower has a partition so that the gas flows down one side of the tower 
and up the other. A spray of water trickles down the coke. The gas in 
passing through the coke is broken up into small bubbles and washed free 
fcom ammonium compounds by the water. The water is drawn off inter- 
mittently at the base of the tower and mixed with the gas liquor from the 
tar well. The ammonia is recovered as a by-product. 

4. The purifiers. — Some of the hydi’ogen sulphide and carbon dioxide 
in the gas combine with the ammonia and are removed in the scrubbers. 

The gas stiU contains sulphur compounds. If these were not removed, 

the burning gas w^ould form sulphur dioxide ^ which is objectionable. ^ 

The object of the purification is to remove the sulphur compounds and 
the carbon dioxide. The ga.s leaving the scrubbers is directed into a 
series of low rectangular iron tanks — ^the purifiers — fitted with horizontal 
shelves or grids. The shelves are loosely packed with a layer of slightly 
damped slaked lime — say, six inches deep. The lime removes hydrogen 
sulpMde and carbon dioxide, A mixture of calcium sulphide — CaSH.OH, 
or Ca(SH) 2 — ^and calcium carbonate is formed. The calcium sulphide 
may absorb some carbon disulphide : 

2Ca<|g + CSj = Ca(OH)2CaCS3 + H^S 

When the lime is spent or fouled it is called gas lime, or spent lime. 

To make sure that all the sulphur compounds are removed, the gas is « 

generally passed through another ■ purifier containing ferric liyclioxide 
{"‘bog iron ore’’) — ^Fej> 03 .Ha 0 . Th^ ferric hydroxide forms ferric 

^ ^ There is no experimental evidence to show that the sulphnr forms sulphuric 
add in a moist atmosphere unless the temperature be so low that the water is 
condensed to a liquid {cf, ; 
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sulphide : FeaOgHgO + SHgS = FeaSg + AH^O ; or ferrous sulphide and 
free sulphur : FeaOgHaG + ='*2FeS + S + 4E[20^ > 

When the mixture is fouled it is placed in a heap for about twenty- four 
hours, ^ and then spread out in layers twelve inches deep. The layers are 
turned over repeatedly to expose fresh surfaces to the action of the air. 
The black iron sulphides are oxidized by exposure to the air, and free 
sulphur separate : 2Fe2S3 + .SOg “ 2 Fe 203 + dS.; 4FeS SOg — 2 Fe 203 
4- 4S ; the net result is that the hydrogen sulphide of the gas is converted 
into free sulphur, and the ferric oxide is revived ready to be used again. 
This alternate fouling and oxidizing of the “iron’' is repeated about 
sixteen times when so much sulphur accumulates— 55 per cent. — ^that it is 
no longer economical to use the oxide again. The spent oxide is sold to the 
manufacturer of sulphuric acid, and used as a source of sulphur. 

5. The gas holder. — The purified gas next passes through a large 
meter— mefcr— which records its volume. The gas holder is an 
enormous cylindrical iron tank which floats in a cistern of water, and rises 
or falls as gas enters or leaves. The cylinder is so weighted that the gas 
can be expelled from it at the necessary pressure. From the gas holder, 
the gas passes to the governor, where its pressure is reduced and regulated 
so as to give a supply of gas at the necessary pressure. 

6. The by-products. — (1) Coke is a valuable fuel and finds a ready 
sale. (2) Gas carbon is a hard dense deposit of almost pure carbon which 
gradually collects on the inside of the retort. It is a good conductor of 
electricity, and is used for the manufacture of carbon rods for electric 
lighting, and of plates for galvanic batteries. (3) Gas lime is used for 
agricultural purposes. (4) Tar — gas tar, coal tar— is a black viscid foul* 
smelling liquid used as a protective paint for preserving timber ; making 
tarred paper, waterproofing masonry, etc. Tar is a mixture of many 
“ organic substances ” which are separated by distillation at different 
temperatures. It furnishes carbolic and creosotic oils, benzene, naphtha- 
lene, anthracene, etc. Benzene is a most interesting compound discovered 
by M. Faraday ; as A. W. Hofmann has said, its history and uses would 
fill a volume. It is capable of undergoing an endless number of Proteus- 
like transformations, and it has given rise to new and important branches 
of industry. It is used in the manufacture of aniline dyestuffs, flavouring 
essences, perfumes, oils, etc. The residue in the retort is “ pitch.” Asphalt 
is a solution of pitch in heavy tar oils, and is used in making hard pave- 
ments, varnish, etc. (5) Ammonia, The ammoniacal liquid is boiled 
with milk of lime and the expelled ammonia is mixed with sulphuric acid. 
The tarry matters are separated, and the solution of ammonium sulphate 
is evaporated and crystallized for the market. 

§ 11. Producer Gas. 

Reviewing the process just outlined one cannot but admire the results 
of the work of the chemist and gas-engineer. The marvellous ingenuity 
displayed in the construction of apparatus ; the great skill exercised in 

1 When fouled for the first time the mixture may , absorb oxygen so rapidly 
that the rise of temperature may destroy the wooden grids in the purifier. Some 
prefer to use a mixture of old and new, ferric oxide so as to lessen the risk of 
ignition. 
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pni'ifying and distributing large Yolumes of material ; and the very 
valuabie purposes ta.wMeh the waste-products of the manufacture have 
been applied makes the manufacture of coal gas a process of the greatest 
interest. Early in the i9th century, the utilization of the large volumes 
of combustible gas from blast furnaces smelting iron was taken up. The 
uses of this gas outran the supply, and therefore C. Bischof (1839) 
conceived the idea of using a blast furnace solely for making the corn-* 
biistible by-product obtained normally from the iron furnaces. 

We have seen that carbon can unite directly with two different pro- 
portions of oxygen, forming carbon monoxide and carbon dioxide. The 
former, carbon monoxide, can be conveniently regarded as partially burnt 
carbon ; and the latter, carbon dioxide, as the final product of the combus- 
tion. One pound of carbon burning to carbon monoxide will furnish 
2400 cals. ; and the resulting carbon monoxide vdll generate 5680 oais, 
on combustion. Thus, one pound of carbon mil produce : 

C -^00 

1 3 1 pounds 

2400 5680= total 8080 cals. 


Compounds formed 
Weight changes 
Heat, changes j 

In furnaces designed to make ‘^fuel gas” by the partial oxidation of 
coke, the products of the actual combustion of the coke pass through a 

deep bed of hot fuel. Carbon monoxide 
is the result. The carbon monoxide can 
M ^ M be led to any desired spot and burnt to 

^ carbon dioxide. The furnace is called a 

Wod/iLcer or generator ; and the gas coke 
iW C producer gas, or coke generator gas. The 

^ producer is partially 

^ oxidized so as to furnish a gaseous fuel — 

^ hence the term fuel gas is sometimes used 

g . for gaseous fuels. The modern producer is 

®' modification of Bischof s original pro- 
dueer in some minor details; and this, 
turn, was modelled after the blast- 
furnace. This “ persistence of type ” can 
often be traced in many other industrial 
operations. In Eig. 275, A, is the chargihg 
hopper of the producer. The hopper is 
filled with fuel, the upper lid placed in 
position ; the lower shaft is drawn to the side so that the fuel drops into 
the producer without allowing the gas to escape. B represents the fire- 
bars, C the exit flue for the passage of the products of the partial com- 
bustion of the carbon ; D is a door for cleaning firebars, etc., when required; 
J regulates the amount of— so-called— primary air admitted to the firebars, 
8 represents ‘‘ spy holes for poking, etc. The shape of the producer 
shows that it has been ‘modelled after the blast furnace where a com- 
bustible is obtained as a by-product in the smelting of iron. Instead 
of depending upon the blaat furnare for gaseous fuel, Bischof apparently 
conceived the idea of making a similar furnace to supply nothing but 
gaseous fueL 


primr 

mr' 


Fia, 275, — Bischof’s Producer 
( 1839 ). 
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Since every voiiime of oxygen in air is accompanied by four volmnes of 
nitrogen, coke producer gas, obviously, must contain both carbon monoxide 
and nitrogen. Under ideal conditions, with the volume relation hJ" ; 0 = 
79 : 21, it follows that coke producer gas contains ; 

Volume. Weight. 

Carbon monoxide . . . , . . . 34*7 34*7 

Nitrogen . . . .■ ' 66*3 65*3 

But one pound of carbon, burning to carbon monoxide, develops 2400 units 
of heat. Hence 0 *347 lb. of carbon monoxide, or 1 ib. of producer gas 
will develop 846 units of heat. This number represents the calorific 
power of coke producer gas. But one pound of carbon produces 6*7 lbs. 
ofcoke producer gas. Hence: 

Heat from 1 lb. of carbon . . , . . 8080 cals. 

Heat of 6*7 lbs. coke producer gas ... 5665 cals. 

Heat lost in conversion . . . . . . 2415 cals. 


Hence, about 30 percent, of the heating value of the coke is lost by 
the conversion of the solid coke fuel into gaseous coke producer gas. 
This loss is represented by the heat generated in the producer itself while 



Fig. 276. — Preparation of Producer Gas. 


burning the coke to carbon dioxide. Industrially this loss must be counter- 
balanced in some way, or the use of the coke producer gas will be less 
efficient than direct firing with solid fuel. 

Reactions in the producer. — The reactions in the producer can be 
imitated on a small scale in the laboratory. If a hard glass or porcelain 
tube B be packed with charcoal, and connected at one end with a gas 
holder containing air, Fig. 276, and the other end with a delivery tube 
and gas trough, 0, when air is slowly driven through the bed of hot 
charcoal, carbon monoxide mixed with atmospheric nitrogen collects in 
the gas jar. The gas burns with a blue flame. It is coke producer gas. 

In the combustion of gaseous carbon compounds, the carbon appears 
to burn first to carbon monoxide (p. 921). Highly purified carbon may be 
heated to redness in w^ell-dried oxygen without producing the characteristic 
glow of carbon in oxygen, while but a very smali amount of carbon dioxide, 
and a large amount of carbon monoxide stre obtained. . We have seen^ 


876' ;■ ' MOBEBN .MOBGAmC CHEMISTRY ■ ■ 

p. 885, :tl3.at;drj: oxygen aiid dry carbon Baonoxide xinite with, difficulty ; and 
when dr;)'", carbon burns in dry oxygen, it has therefore been inferred that 
carbon monoxide is the first product of the oxidation, and that the condi- 
tions of the experiment retard the subsequent oxidation of the carbon 
monoxide. Accordingly, when carbon dioxide is produced during the 
eoinbustion of carbon in ordinary moist air, carbon monoxide is supposed 
to be formed first, and this immediately oxidizes to carbon dioxide : G 
GO CO 2 - There is nothing to show that the mechanism of the reaction 
W’itli “ perfectly ’’ dried materials as in Baker’s experiment is the same as 
when moisture is present. 

Attempts to find if carbon burns first to carbon dioxide or to carbon 
monoxide have not given any decisive result. In every case both gases 
have been detected among the products of the reaction. Hence it is not 
at ail unlikely that we are dealing with concurrent reactions typified by 
decomposing potassium chlorate (p. 165) : 

30 + 202!^qq® 

This equation can be generalized : 

{m + n)G + (|m + »)02 

by letting m denote the number of gram-atoms of carbon which burn to 
carbon monoxide, and n the number %vhich burn to carbon dioxide. The 
relative proportion of carbon monoxide and carbon dioxide formed during 
the action — ^that is, the ratio m : n — ^is determined by the temperature. 
There is also an interaction between the excess of carbon and the higher 
oxidation product since CO 2 -f G ^ 2CO is a balanced reaction. The 
relative proportion of carbon dioxide to carbon monoxide, for equilibrium, 
is here again determined by the temperature. For instance, any mixture of 
carbon monoxide and carbon dioxide when heated in the presence of 
carbon produces at : 



Per cent. 

by volume. 

Temperature. 

CO ^ 


450^ 

2 

98 

750® 

76 

24 

1050® 

1)9’6 

0*4 


This also shows that if the temperature of a producer be in the vicinity 
of very little combustible gas %vill be obtained ; and conversely, in 
the vicinity of 1000'^, nearly the maximum possible amount of combustible 
carbon monoxide will be present. Hence the temperature of the producer 
should be about lOOO’^ in order to get the maximum yield of carbon 
monoxide with a uiinimum loss of heat. 

Coal producer gas. — ^If coal be used in the producer in place of coke, 
the coal near the top of the fuel bed will be distilled, and form coal gas. 
The resulting ‘‘ fuel gas ” wiE therefore be a mixture of coal gas and coke 
producer gas. But coal gas, as indicated on p. 865, has a relatively high 
calorific power, viz. 10,155 cals; Hence, the use of coal in place of coke 
will raise the calorific power of the producer gas. The loss in the per- 
centage of available heat will not be so great because part of the heat is 
Utilized in dislliliug the coaL /;One- Mvantage of using coal producer gas 
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arises from, tlie fact tliat slack, and inferior coal generally, can be, employed^ 
under conditions wliere a more expensive coal would be needed for direct 
^firing. ^ ^ 

Burning producer gas.— The chemical engineer is constantly confronted 
with the “ fuel problem,” and in some works the composition of the pro- 
ducer gas and of the flue gases is regularly tested to ensure efficient working. 
Constructional details, type of burner, type of flame, etc., have also to be 
carefully studied. It is obvious that if the flue gases leave the furnace 
hot, and the hot gases are allowed to escape into the air, a certain per- 
centage of heat is wasted. There are several systems for utilizing this heat 
to w^arm up the aii’ required for the combustion of the fuel gas, etc. It will 
be noticed that in burning solid fuel partly in the producer, and finally 
ill the furnace, two separate supplies of air are needed. The first supply, 
used for gasifying the fuel, is, for convenience, called the primary air, 
and the second supply used for burning the gaseous fuel in the furnace is 
conveniently styled the secondary air- See Eig. 274, p. 871. 

The blue lambent flame wliioh sometimes flickers over a clear coke (or 
coal) fire is burning producer gas. The air — ^primary air — entering at the 
grate reacts with the red-hot carbon : C + Og = CO^ ; and this passing 
through the red-hot carbon of the fire is reduced : COg C = 200. The 
carbon monoxide on top of the fire meeting air- — secondaiy air— burns 
to carbon dioxide with a blue flickering flame : 2C0 -f Og = 2 CO 2 . 

§ 12. Water Gas. 

It will be remembered that when steam is heated in contact with metallic 
iron, hydrogen and iron oxide are formed ; similarly, when a current of 
steam is blown through a bed of hot carbon (say in a gas producer), the 
two interact, forming hydrogen and carbon monoxide : C + HgO ^ CO 
Hg. In the latter case, it happens that both products of the action are 
combustible, and, indeed, tlie resulting mixture has a very high calorific 
j)ower. It is called w=^ater gas. Water gas is almost free from diluting 
nitrogen. If the reaction occurs below 1000°, carbon dioxide begins to 
accumulate in the gas, and this the more the lower the temperature of the 
reaction. For instance, Bunte found ; 


Table LV. — Effect of Temperature of Formation on the Composition 

OF’ Water 'Gas, : ^ . . 


Temperature. 

Per cent, 
of steam 
decomposed. 

Percentage composition of gas produced. 

■ ■ , 

Hydrogen. 

Carbon 

monoxide. 

Carbon 

dioxide. 

674° 


60*2 


29-8 

1010° 


48*8 




99*4 , 

50-9 




For convenience in thinking, let us suppose that the reaction occurs in 
two stages s (1) decomposition of the water — 2 H 2 + 0.^ ; and 
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(2) oxidation of the carbon by the liberated oxygen : 2G + O 2 = 

The heat required to decompose the water in the first reaction is greater 
than the heat given ofi during the combustion of the carbon by the liberated 
oxygen. Thus; 

Heat absorbed in decomposing 18 lbs. steam . —58,600 cals. 

Heat evolved in burning 12 lbs. of carbon to CO + 29,520 cals. 

Heat absorbed during the reaction . . . . —20,080 cals. 

Hence the producer must be getting cooler all the time the steam is 
passing through the fuel bed. It appears to be necessary to provide heat 
from an outside source to maintain the temperature of the producer 
sufficiently high to prevent undue amounts of carbon dioxide accumulating 
in the products of the reaction. It is not economical to heat the }3roducer 
externali.Yj and make the formation of water gas continuous. In modern 
water-gas plants, the carbon in the producer is raised to incandescence 
by a blast of air— the air continued for about two minutes. This 
is followed by a jet of steam until the temperature fails to dull redness 
•-—steam blow — continued for about four minutes. When the air blow is 
in progress, the producer is not maldng water gas, and, in consequence, 
a damper is used to deflect the stream of gas from the producer elsewhere. 

The water-gae reaction can be illustrated by substituting a flask in 
which water is boiling for the gas holder, A, Fig. 276. The gas which is 
collected can be analyzed by mixing a definite volume with air in HempeFs 
burette (p. 636), and exploding it in HempeFs pipette. Note the diminu- 
tion in volume ; and then absorb the carbon dioxide as indicated on p. 809. 
The data so obtained enable the amount of hydrogen and carbon monoxide- 
to be calculated. 

A rather more spectacular method of showing the reaction is to produce 
an electric arc in an atmosphere of steam. Water gas immediately begins 
to accumulate in the attached receiver. 

If coke be mixed with x^iyth part of its weight of thallium chloride, and heated 
%V3th water, imder pressure at 350°, the reaction is represented : C -f 2 H 2 O 
= 2 H 2 4- CO 2 . The thallium salt acts as a catalytic agent, and the carbon 
dzoxide can be removed by passing the mixed gases over lime. Hei:ice, the process 
has been proposed as a cheap way of maldng hydrogen. Twice as much hydrogen 
is obtained by this process as in the ordinary water-gas reaction : C + H.,0 = 
Ha + CO. 

A number of suggestions have been made for separating hydrogen from water 
gas, (I) In one proposal, the carbon monoxide is condensed by cooling ; (2) 
another is based on the absorption of carbon monoxide by alkaline solutions under 
pressure when an alkali formate is produced — the hydrogen is not much absorbed i 
and (S) Mexz and Weith suggested passing water gas over calcium hydroxide when 
the carbon monoxide^s reduced by its own volume of hydrogen : CO -r Ca(OH )2 
=s®CaCOg} Hh' Hg, 

Semi-water gas. — combining the operations for making producer 
gas and water gas — ^mixing the air which passes tlirough the producer 
with just sufficient steam to maintain the temperature of the producer— 
the extra heat developed during the oxidation of carbon to carbon monoxide 
is utilized in decomposing the lyater vapour. In practice, it is found that 
at least 4 lbs. of carbon should be, burnt by the air for every 1 lb. of carbon 
“ burnt by the steam. Under these conditions, the gas from a producer 
burning coke will be a noixture of water gas and coke producer gas. 
Under ideal conditions, therefore, we should have a gas containing carbon 
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monoxide, 37*0 ; hydrogen, 7*4; and nitrogen, 55*6 per cent . ; and 
possessing a calorific power of 1144 cals, as opposed to 846 cals, with simple 
cohe producer gas, where steam is not nsed. Consequently, instead of 
losing 30 per cent of the heat value of the fuel in the conversion, only 20 
per cent, is lost. 

In modern producers, the fuel gas is made by blowing steam and air 
into the body of the producer fed with slack coal. The result is a mixed 
producer gas, also called semi- water gas. Ror the sake of comparison, 
analyses of coke and coal producer gases, water gas, mixed coal producer 
gas, and carburetted water gas are indicated in Table LVI, 


Table LVI.-~Percentage Composition" op Fuel Gases by Volume. 


Constituent. 

Coke 
producer 
gas. 1 

■1 

Coal 

producer 

gas. 

Water 
gas. . 

1 , 

Mixed 
coal pro- 
ducer gas. 

Carburetted 
water gas,. 

,,<i5 

1 

f Methane . 

0*8 1 

2*0 

1-3 

' . ' 1*2 

16*8 


1 Ethylene . 

0-0 

0*4 

0*0 

1 0*2' 

8*7 


1 Carbon monoxide 

32-3 

24'4 

45*6 

i 25*2 

r ■ 28*7 


' Hydrogen. . . i 

4*0 2 

8-6 

46*3 

!■ - 18*2 

40*2 

S £ 1 

r Nitrogen . . , i 

61-2 

59-3 

4*2 

49*1 

4*3 


Carbon dioxide . 

1*0 

1 5*2 

2*1 

! 0*0 

1*2 

sa ( 

L Oxygen . . . 

0-1 

1 0-1 

0*1 

0*1 

0*1 

Calorific power (approx.) 

! '™ i 

1 990 

1 

! 1130 

i 

3660 

1320 ’ 

1 6060 


The calorific powers of these gases may be compared with 10,156 cals, 
obtained for coal gas, pp. 866--7. 


§ 13. Enriched or Carburetted Water Gas. 

Water gas burns with a non-luminous flame, and, though a valuable 
heating agent, it is useless for lighting purposes unless it be employed in 
conjunction with, say, a Welsbach’s mantle. Hence, if water gas is to be 
used as an illuminating agent, it is charged with hydi’ocarbon gases wdiich 
do not condense on cooling. The mixture is called carburetted or enriched 
water gas. The carburetting is conducted as follows : When the air blast 
is in progress, the products of combustion from the top of the producer 
are deflected dov;n a tower containing checkered brickwork, and called 
the carhuretter ; then up another tower also containing checkered brick- 
work, called the superheater ; and thence into the air. The result of this is 
to raise the temperature of both towers— the carbuiutter and the super- 
heater. The air valve at the top of the superheater is deflected so that the 
superheater is put in communication with a third tower resembling the 
scrubber of a gas -works. A spray of oil is simultaneously directed into the 
top of the carburetter, and steam is blown into the producer. As the water 
gas and oil pass down the hot carburetter, the oil is decomposed— 

i Derived from the hydrocarbons remaining in the coke. 

^ DeriTOd hum the moisture ■in the 'fuel and in- the air. 
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“ cracked ’’—and tlie decompositioii is completed in the superheater. In 
this way, the oil is transformed into gases which do not liquefy when cooled* 
The gas is purified and washed in the scrubber^ and thence passed to the gas 
holder. 

A gas called illuminating gas, and sometimes, by courtesy, “ coal gas,” 
is a mixture of 50 to 70 per cent, of carburetted water gas with coal gas. 
The high percentage of carbon monoxide makes such a gas far more 
poisonous than coal gas. In the so-called Pintsch'^s oil gas ^ the oil is 
sprayed into hot retorts and then passed tlnough a condenser, scrubber, 
and lime puriher into the gas holder. 


Questions 

1* What are hydrocarbons ? What is a homologous series ? When a 
hydrocarbon bums in the presence of an excess of air what are the products of 
combustion 1 How is ethylene prepared ? Give the equation representing the 
change which takes place when ethylene burns in air. What is formed when 
ethylene is mixed with an equal volume of chlorine ? Give the equation. — 
Princeton XJniv.y 17.8. .4. 

2. How is coal gas manufactured and purified ? What are the by-products ? 
Name the diluents, the illuminants, and the impurities present in ordinary coal 
gas. — Princeton Ujiiv*^ IJ.S.A. 

3. A sample of coal contains 84 per cent, of available cai'bon, and 6 per cent, 
of available hydrogen. What weight of atmospheric air wull be required to burn 
1 cwt. of the coal ? — Coll, of Preceptors, 

4. How may it be proved that any given volume of ethylene (olefiant gas) 
contains twice as much carbon as an equal volume of marsh gas but the same 
amount of hydrogen ? — London Vniv. 

5. 100 c.c. of a mixture of 00 and CSg vapour were mixed with 300 c.c. of 
oxygen and fired. After cooling, the resulting gases occupied 340 c.c, and after 
absorption by potash, 200 c.c. of oxygen remained. Show how the composition 
of the mixture may lie determined by each of the following data ; (i) the con- 
traction, (ii) the absorption, and (iii) the oxygen consumed. — Victoria Univ,, 
Manchester. 

0. About wdmt proportion of the total heat given out on the complete com- 
bustion of carbon is sacrificed by first converting the carbon into carbon monoxide ? 
Give any explanation you can of the probable causes of this difference. What do 
you understand by the expressions “ endothermic ” and “ exothermic ” com- 
pounds ? — London Utiiv, 

7. Explain as fully as you can the statement that “ ethylene dibromide may 
be regarded either as an additive compound of ethylene, or as a substitution 
derivative of ethane.*’ — London Univ. 

8. What is meant by saturated ” and unsaturated ” compounds ? XUus- 
trate your answer by taking as examples carbon monoxide, carbon dioxide, marsh 
gas, and ethylene. — London Univ, 

9. What is meant by the expression — “ a homologous series ’* ? Give an 
instance of such a series, with names and formulae. — London Univ, 

10. Calculate the heat of formation of methane, CH., given : — C + 0« ™ CO., 

+ cals. ; + O == HaO -f 68*4 eak. • and CH. + 40 == CO. + 2HoO + 

21 S' -5 cals. — Fre^ich ColL 

11. 10 C.C, of a gaseous hydrocarbon are exploded with an excess of oxygen. 

A coiitractioii of 16 c.c, is obser^^ed. After the explosion, a further contraction 
of 20 c.c. is observed on treating the resulting gases with potassium hydroxide 
solution. What is the molecular formula of the hydrocarbon ? — Customs and 
Mxcis&. : , , 

12. 18 c.c. of a gas, when mixed, with 18 c.c. of oxygen, and exploded, con- 
tracted to 15 c.c. On adding.potashj'a further contraction of 6 e.e. took place, and 
the r^idual giis was entirely absorl^d on the addition of pyrogalloh The vapour 
density of the gas was found to be; 6*33, .and ‘non© of it was capable of absorp- 
tion by potash before the explosion. Draw any conclusions you can as to the 
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nature of the gas, and state by what experiments yon would seek to confirm 
them.— -Oxford Unw. 

13. One volume of acetone will dissolve 25 volumes of acetylene. Assuming the 
validity of Henry’s law, what weight of calcium carbide will be required to generate 
sufficient acetylene to saturate one litre of acetone at io'^, under a pressure of 
9 atmospheres ?~Cle'veia7id Univ. Sckooly OMo. 

14. Define acid, explaining any chemical terms you use in your definition. 
Discuss your definition in reference to H2Zn02, HCCig, HK,S 04 . — Trinity ColL 

15. Explain the efficiency of gunpowder as an explosive. (Equation not 
rec|uired .)- — Massachusetts Inst. Technology ^ 

' I (3. Define the terms : Empirical formula, structural formula, metamer, 
polymer, hydrolysis and homologous series, giving an example in each case.- — 
Oivens Coll. 
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Alloteopig Foems op Garboh 


§ 1. Amorphous Carbon— Lampblack. 

It rejQiaiiis to discuss the properties of the allotropic forms of carbon. 

1. The term “ amorphous carbon ” is used to include the difierent 
varieties of vegetable and animal charcoals — lampblack, charcoal, soot, 
gas carbon (p. 873), and coal. These are non-crystalline more or less 
impure forms of carbon. The term “ amorphous/’ however, is rather 
carelessly used. Strictly speaking, the word is synonymous with “ non- 
crystalline/’ but it is sometimes used in reference to the mere external 
irregular sliaj>e of the granules rather than to the internal ciystailine 
structure (p. 211). It must be understood in that sense here because 
X-radiograxns have shown that much of the so-caiied amorphous carbon 
is really crystalline like graphite. 

2. Graphite includes the so-called amorphous and crystalline graphite. 

3. Diamond includes boart and carbonado. 

These bodies have been known for a very long time, and their appear- 
ance is so very different, that it was not until the beginning of the 18th 
centiuy that chemists were reluctantly compelled to recognize that they 
are not only chemically related, but that they are one and all identically 
the same element — carbon. That these are different forms of the one 
element is proved by the experiment indicated on p. 806. Pure varieties 
of each form — sugar charcoal, graj^hite, and diamond — ^furnish on com- 
bustion the same amount of carbon dioxide per gram of material, although 
the heat evolved or energy degraded during the (Combustion of twelve 
kilograms of each form is different. Other characters also vary, e.g . : 

Diamond. Grax^hite. Charcoal 

Heat of combustion (Cals.) . . 94-31 94*81 07*65 

Specific gravity 3*5 2*5 1*6 

Specific heat 0*1469 0*2017 0*2415 

Ignition temperature (oxygen) . 800®~875'’ 650°~770'^ 300°-500® 

Evolution COg begins . . . 720*^ 570" 200° 

These are therefore different forms of one element associated with different 
amounts of available energy. 

A comparison of the atomic weights of carbon, nitrogen, and oxygen, and th© 
large number of vohitile compounds formed by carbon might make it ‘probable that 
its molecule is Cg. The high boiling and freezing points, and the chemical inertncxss 
of carbon, on the other hand, make it appear as if the moieeiile is complex, and a 
comparison of the results in th© above table has led to the assum};>tioii that the 
molecule of carbon in the diamond is more complex than in graphite, and in graphite 
more complex than in charcoal, , 

Lampblack is made by buruiBg substances rich in carbon in a limited 
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supply of air so tliat the maximum ainount of smoke is developed----for 
example, turpentine, petroleum, tar, acetylene, etc. Tlie 'smoke' is passed 
into large chambers in which coarse blanlcets ” are suspended. The 
“soot’’ collects on the blankets. Lampblack is also made from natural 
gas. : A ring of burners is mounted below a cast iron 'disc with a groove on 
the rim convex downwards in such a way that the flame from each 
burner is divided into two parts. Cold water runs into the upper side 
of the groove, and away ma the hollow shaft which rotates the iron disc. 
This keeps the metal in contact with the burning coal gas. Soot is 
deposited on the groove. As the disc revolves, an automatic scraper 
removes the lampblack from the grooves of the disc. The lampblack 
falls into a hopper and is conveyed by elaborate machineiy to be ground 
to the finest powder, sifted, and weighed into sacks. Lampblack is used 
for making printer’s ink, stove and shoe polish, paints, and in fact nearly 
everytliing in which a black pigment for colouring matter is required. 
Lampblack is one of the purest varieties of amorphous earbon. The 
analysis of a sample of aeetylene “ soot ” furnishes 1 *4 per cent, of hydrogen 
and 98*6 per cent, of carbon. The hydrocarbons can be removed by 
heating the substance in a current of chlorine, 

§ 2. Charcoal. 

Wood charcoal. — There are two main varieties of charcoal — ^v^ood and 
bone. Wood charcoal is made by burning wood with a limited supply 
of air in a charcoal pit or kiln ; or by heating wood in closed vessels so that 
air is excluded. In illustration, place a few bits of wood at the bottom 
of a porcelain crucible. Cover the wood with a layer of fine sand so as 
to cut off the supply of air. Heat the crucible until combustible gases 
cease to be evolved. When cold, a small piece of charcoal remains in the 
bottom of the crucible. Note the shrinkage in volume during the car- 
bonization by comparing a piece of charcoal with a bit of wood like that 
heated in the crucible preserved as duplicate. Charcoal resists the action 
of moisture, etc., better than wood, and hence wooden piles, fence posts, 
and telegraph poles are often superficially charred before being put in 
the ground. Some claim this treatment gives the timber a longer useful 
life. Charcoal is used as a fuel ; in the manufacture of iron and steel ; 
in the manufacture of gunpowder ; in metallurgical operations as 
deodorizer ; filtering medium, etc. (see below). 

Pit charcoal. — ^In outline tlie industrial preparation is as follows : Small 
logs or billets of wood are loosely piled into vertical heaps and covered 
with sods and turf to prevent the free access of air. There are several 
systems of j)iling the sticks — one is illustrated in Fig. 277. A shaft ” 
is left in the middle of the pile to act as a central chimney or flue ; and 
smaller holes are left round the bottom to admit the air. The pile so 
prepared is called a “ charcoal pit ” or a Meihr (German). The arrange- 
ment is not unlike the sulphur calcarone, Fig. 161. The wood is lighted 
by brushwood at the centre, and just sufficient air to allow the wood to 
smoulder is passed through the pile. The volatile matter escapes, and in 
about fifteen days the fire dies out. Between 80 and 90 per cent, of the 
weight of the wood, on the average, is lost by combustion, and the remain- 
ing 10 to 20 per cent, is wood eharcoal, The process can only be used 
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satisfactorily wliere wood is cheap and abundant, because the method is 
uncertain and wasteful. The process is still employed in a few places in 
Europe. In Sweden rectangular piles are used, and the •wood is placed 
horizontally and transversely. 

Kiln and retort charcoal. — Some valuable gaseous and liquid products 
are lost in making pit charcoal. In modern processes, the -wood is heated 
in ovens, kilns, or retorts, sealed from the outside air. The operation may 
be conducted simply for charcoal without recovering the by-products, or 
the operation may be conducted somewhat similarly to the process used for 
the manufacture of coal gas. The products of the dry distillation of wood 
include : solid charcoal in the retort ; liquids — wood tar {Stockholm tar 
from pine wood) ; water containing W'Ood spirit ; ‘i^yroligneous {acetic) 
acid ; acetone and fatty oils ; and gaseous wood gas — containing hydrogen, 
carbon dioxide, carbon monoxide, methane, acetylene, etc. Tlie wood 



Fig. 277. — Sketch of Meiler in course of Construct ion. 


gas Is used for illuminating purposes only when the temperature of dis- 
tillation. has been very high. The products are approximately : charcoal, 
25*3 ; methyl alcohol, 0*8 ; acetic acid, 1*0 ; tar, 4*0 ; water, 45*9 ; 
wockI gas, 23 per cent. The charcoal in the retort retains the form of the 
wood from which it -was prepared. Kiln charcoal is more compact than 
the pit charcoal — in the former case the charcoal weighs 20 lbs. per bushel, 
and in the latter case, 16 lbs. per bushel. The yield of charcoal is about 
81 per cent, by volume, 28 per cent, by weight. 

The dry distillation of w*ood can be well illustrated by placing some 
3 .>ieees of pine wood in a hard glass retort fitted with a receive.?, etc., as 
shown ill Fig, 27 8. The tar and aqueous products condense in the receiver, 
and the wood gas itself can be, lighted. The watery liquid obtained by 
the cliy distillation of wood is redist-illed. The first portion of the distil- 
late is the so-called “ wood spirit.” The wood spirit is purified by dis- 
tillation from recently ignited quicklime ; and by the evaporating of a 
mixture of the wood spirit with fused calcium chloride to dryness. The 
resulting compound {CaGl 2 . 4 CH 30 H) is decomposed by treatment with 
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water, and the. solution is distilled. Finally, the distillate is .rectified by, 
repeated distillation , over fresh quicklime. . The resulting methyl aleohoL 
GH 3 OH, boils at 66-78°. 

Bone or animal charcoal. — This is made by heating bones, blood, etc., 
in closed retorts. The bones may or may not have been subjected , to 
a preliminary extraction with naphtha or benzene to remove the fat- 
degreased bones ; or with superheated steam or water to remove gelatine 
(glue)— degelatiiiized bones. The products of the distillation include: 
solid bone charcoal in the retort ; liquids — ^a number of ammonium salts, 
bone oil, bone pitch, pyridine, etc. ; and gases of various kinds. Bone 
charcoal contains about 10 per cent, of carbon, so that it is questionable if 
it ought to be included with the varieties of carbon at all. However, 
the carbon is very finely divided 
and disseminated through a 
porous mass of about 80 per cent, 
of calcium and magnesium phos- 
phates, and it seems to have 
specially valuable qualities. 

Bones furnish boneblack — some- 
times called ivory black — the 
term ivory black is usually applied 
to the product obtained by igest- 
ing bone black with hydrocMoric 
acid to remove the calcium phos- 
phates. Blood furnishes blood 
charcoal. For the uses of bone 
black and animal charcoal, see below ; ivory black is used as a pig- 
ment ; in the manufacture of blacking, etc. The so-called activated 
charcoal, or active charcoal is a form of charcoal (usually -wood charcoal) 
prepared at a low temperature, 850°--900°, so as to avoid graphitization. 
the product is specially porous and is used as an absorbent for noxious 
gases in gas-masks, etc. 

§ 3. The Properties of Amorphous Carbon. 

The specific gravity of carbon is greatly influenced by the temperature 
to which it has been heated, amorphous carbon varying from a specific 
gravity 1*45 to 1-70. Although charcoal 'per se has a greater specific 
gravity than water, ordinary charcoal will float on water because it is 
buoyed up by the air in its pores. If charcoal be weighted with a bit of 
lead and boiled in water for a few minutes, the air will be displaced by 
water, and the wet charcoal will sink when placed in cold water. A stick 
of charcoal can also be *'* anchored ” below the surface of water in a tali 
cydinder by'' means of a piece of string and a weight at the bottom of the 
cylinder. The stoppered cylinder is then connected with an air pump, 
Fig. 279. The bubbles of gas rise through the water. As the air is 
removed, the charcoal gradually sinks to the bottom of the cylinder. 

Absorption of gases. — Charcoal has a remarkable power of absorbing 
gases, etc. A fragment of charcoal, recently heated to expel air from its 
pores, is placed under a cylinder of ammonia gas, Fig. 280. The ascent 
of the mercury in the cylinder is a striking demonstration of the absorption 
of gas by the charcoal. The phenomenon is sometimes styded adsorption, 

■ ■-/ -/v.dr , ;/■, ,22*' 2 '" 




886 


MODERN ’INORGANIC CHEMISTRY 


meaning that the gas adheres in some unknown way. to the surface of the 
charcoal One volume of coeoanut charcoal absorbs (Hunter), at 760 mm. 


pressure : 

Volumes at 

Vols. at 


01 

- 1851 .. 

AiBinonia . . 

. . . . . 171 


Ethvlene 

75 


Carbon dioxide 

. . . . . 68 


Carbon monoxide 

21 

190 

Ox^Tgeii 

yfiferogeii 

. . ' 18 
. , . " . ' . . . 15 

230 

155 


, ■ . . . . ,17 

1,35 

Helium 

t> 

15 

Argon 

’ . .* 12 

175 

At low tciiiperatures the absorptive 

potver of cliarcoal for some gases 


is very much augmented. Thus, a gram of charcoal which absorbs IS o.c. 
of oxygen at 0 ^, will absorb nearly 13 times as much, namely 230 o.c. at 
-••185"'. This property 
affords a means of produc- 
ing high vacua, and also 
of sei^arating gases which 
are not readily absorbed 
(heliiiin, neon) from those 
whioh are readily absorbed 
(air, etc.). 

It appears as if the gases 
wiiicli are absorbed in 
greatest quantity by the 
charcoal are approximately 
those most easily condensed 
to the liquid state ; and, 
lightly or wrongly, it is 
sometimes stated that the 
gases are actually liquefied 
on the surface of the char- 
coal In any case, the “ condensed gas is usiially more chemically active 
than the gas in the ordinary condition. Thus if charcoal be allo’wed to 
absorb chlorine, and then be brought in contact with dry hydrogen, the 
hydi'ogen and chlorine combine to form hydrogen chloride under conditions 
■where they would not otherwise react. If charcoal which has been saturated 
with hydrogen sulphide be brought into oxygen gas, the rapid combina- 
tion develops so much heat that, the charcoal is inflamed. Sewers and 
foul places are sometimes temporarily purified — “ sw'eetened ” — by char- 
coal ; charcoal biscuits have been rebommended medicinally for absorbing 
gases in the alimeiitaiy canal in cases of flatulence. 

Absorption of liquids and solids.— Charcoal also absorbs solids an<t 
liquids in a similar way. , A solution of litmus (indigo, tea, vinegar, etc.) 
passes through filter paper ■without any noticeable change in the colour 
of the solution ; but if the sdhktidh be Altered through charcoal, or if some 
, recently, ignited animM chareoal-^ay- 10^20 grams — be shaken up with 
50 c,.c. >f litmus solution and Altered, the filtrate is colourless. A solution 
of acid quinine sulphate has a bit'ter taste, but. after filtering through 
, aaifttad charc_oal the solution no 'longer, tastes bitter 10 c.c. of an aqueous' 




ALLOTROPIC FORMS ' OF CAEBOH 


S87 


solution of lead nitrate (0*5 gram of tlie salt per litre) after boiling mtli 10 
grams of animal cliarcoal and filtering, will gi¥e no precipitate with 
hydrogen suipliide — the original solution will. Advantage is taken of this 
property of animal charcoal or bone black to remove the colouring matter 
from many products manufactured industrially. E,g, coloured solutions 
of bro wn sugar are “ bleached ” on boiling with animal charcoal. The 
charcoal removes the brown resinous colouring matter, and the evaporated 
S 3 n’iip furnishes white sugar ; fusel oil can be removed from whisky by 
filtration through animal charcoal before the whisky is rectified. Charcoal 
filters are used for removing organic matter, etc., from drinking water. 
But since a given mass of charcoal cannot absorb an unlimited sup|)ly of 
organic matter, frequent cleaning is required to maintain the efficiency 
of the filtering medium, otherwise the charcoal charged with organic 
matter may serve as a culture bed for bacteria, and do harm rather than 
good. Consequently, the charcoal is cleansed from time to time by 
calcination at a red heat, otherwise it becomes clogged, contaminated, 
and ineffective. 

Combustion.—Ordinary charcoal burns readily in air and in oxygen 
without smoke. The temperature at which combustion starts is largely 
deteuinined by its physical condition, if the charcoal be very finely divided, 
it may ignite spontaneously in air. The higher the temperature to which 
charcoal has been heated, the higher the temperature at which it ignites 
in oxygen. Sugar charcoal which has been heated in the electric furnace, 
and graphites generally, must be heated to 660° before combustion can 
start between carbon and the oxygen molecules. For the vexed question 
whether burning carbon oxidizes first to carbon monoxide or carbon dioxide, 
see p. 876. One hypothesis supposes that ‘‘ the first product of the oxidation 
is a loosely formed complex ” which can be regarded as an unstable com- 
pound of carbon and oxygen of an unknown formula, and that carbon 
monoxide and dioxide are the primary products of decomposition of the 
complex at the temi^erature of combustion. The statement that a loosely 
formed complex is produced as an intermediate compound does not mean 
much more than saying that a certain number of carbon and oxygen 
molecules must come into contact before they can react. 

Carbon a reducing agent. — The “ affinity ” of carbon for oxygen is 
so great that it can take the oxygen from many metallic oxides. Hence 
in metallurgical industries, carbon is often used as a reducing agent for 
ores of iron, copiDer, zinc, lead, etc. When a mixture of carbon with one 
of these oxides, say, lead, is heated in a crucible, either carbon monoxide 
or carbon dioxide is evolved, and the metal remains beiiind : PbO -j- 0 

Pb 4- CO ; or, 2PbO -f C = 2Pb + COg. It is interesting to compare 
the reaction with the action of red-hot carbon on hydrogen oxide. The 
water is reduced to hydi'ogen : H^O + C = CO -f H 2 . It is a mere 
accident that both products are here gaseous. 

Carbides. — The compounds of carbon with other elements are bewilder- 
ing in number and complexity. Carbon unites directly with nearly all 
the elements to form one or more binary compounds — e.p. with oxygen to 
form oxides ; with sulphur to form carbon disulphide (p. 84.3) ; with 
nitrogen to form cyanogen (p. 939) ; with hydrogen to form acetylene 
{p. 855) ; with silicon to form carborundum ; and with metals to form 
carbides* The chemistry of the- carbides/may .foe '-regarded as having 
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been established by the work of 13,. Mois&m. Oarbides are compouM^ 
carbon tvith other ekmeri^s-^Mej% The most important of these, 

commercially, are silicon carbide and calcium carbide. Many of the 
carbides react directly with water forming bydrocarbons—e.g. beryllium 
and aliiminiuin carbides give methane (p. 848) ; manganese carbide gives 
a mixture of hydrogen and methane; the carbides of the alkalies and 
alkaline earths give acetylene (p. 856) ; and the carbides of the rare earths 
give a complex mixture of solid, liquid, and gaseous hydrocarbons. 

Calcium carbide — CaCa—is made by heating a powdered ihixture of, 
say, 56 parts by weight of quicklime and 36 parts of coke in an electric 



^ m furnace — esti- 

I . mated. tem|5e,rature 

j 3000°— arranged so 

ill that the molten car- 

I I ^ ^ bide can be tapped 

I A while still fluid. The 

rl^ A endothermic action 

I ^ is represented by the 

^ equation : 3C + 

OO A CaO CaCg -f CO. 

W J The process can be 

9 ^ imitated on a small 

9 A scale by clamping a 

A graphite crucible to 

^ an iron rod, and con- 

jJ Lf . --i fflffijlfjiL / Electing it with the 

^ current 

}[ of intensit^r 60 to 

y pole is an electric 

^ hght carbon rod 

wliich; Is clamued to 

Fig. 281. — Preparation of Calcium Carbide. stand Fig. 

281. The retort 

stands rest on some insulating material. The carbon rod is allowed to 
touch the bottom of the crucible and withdrawn, by the insulated handle 
a, so as to form an arc. The mixture of coke and quicklime is then 
gradually added to the crucible. 

Calcium carbide is a hard, brittle, crystalline solid, specific gravity 
2*2. When pure, it is white, but commercial calcium carbide is dark grey 
or bronze coloured owing to the presence of impurities. Calcium carbide 
reacts with water forming acetylene (p. 856), and it is sold packed in tin 
cans to protect it from deterioration by exposure to the moisture of the 
atmosphere. Calcium carbide is also used in the manufacture of calcium 
cyanamide used as a fertilizer, and in the manufacture of cyanides. 

_ , § 4 Coal and its Relations. 

Modem civilkation is the daughter of coal, for coal is to-day the greatest 
source of energy and wealth.^— <4* Gasiiciak (1913). 

■■Vegetable origin of coal.— ^^eolpgBts ’'have potent reasons for believing 
that coal is of vegetable orjgin* The softer varieties of coal are often 
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changed so little that their vegetable origin is easily seen* Fossil plants 
can be recognized, and photographs of thin slices under the microscope 
show clearly the vegetable character of the coal. In some of the harder 
varieties, the vegetable origin' can only be demonstrated by analogy and 
comparison with varieties less modified. There is a closely graded series 
ranging ■ between , peat' at one .end, and the anthracitic coals, or maybe 
graphite, at the other. It is convenient, however, to pick out certain 
members of the series as types. We thus obtain peat, lignite, bituminous, 
and anthracitic coals. There are no hard-and-fast lines between these 
different types ; the one merges into the other by insensible gradations. 
The chemistry of the process appears to be somewhat as follows ; 

Metamorphosis of vegetable tissue into coal. — ^When vegetable tissue 
is exposed to the air, it oxidizes and decays comparatively quickly ; the 
gaseous products of the oxidation diffuse into the atmosphere ; and the 
mineral constituents remain behind. If the oxidation takes place in a 
limited supply of air, e.g. while submerged in a swamp or bog, the process 
of decomposition is rather 
different. Some of the 've^em/e; 
carbon is oxidized to car- 
bon dioxide, and some of 
the hydrogen is oxidized to 
water, and probably some 
is transformed into methane 
— marsh gas — etc. As a 

result an increasing pro- 
portion of carbon remains 
behind. The total weight 
of the organic matter decreases ; and, although the total amount of mineral 
matter — ash — ^remains constant, the percentage amount increases. These 
changes are represented diagrammatica% in Fig. 282 (after J, S. Newberry, 
1883). Assuming tha.t vegetable tissue contains approximately 50 per 
cent, of carbon, and 50 per cent, volatile hydrocarbons, moisture, etc., 
the loss of these components, in passing to peat, is represented by the 
downw'ard slopes of the lines AB and GD. These lines illustrate the 
changes in the proportions of volatile matters and fixed carbon in the 
vegetable tissue as it changes to peat lignite bituminous coal 
anthracite graphite. Table LVIL represents averages from between 
6 and 20 published analyses of the different varieties of coals, etc., named, 
and they therefore represent no particular variety. 



Fig. 282.- 


-Metamorphosis of Vegetable Tissue. 
(After Newberry.) 


Table LVII.— Avebage Composition op Dipfebent Types of Coal. 



■■'. ■'; 'Ash.' ■ ■ ; 

Fixed 

carbon. 

■: -Volatile' ■' 
'matter, ',,;■ 

Moisture. 

Wood . . . . 



■-;: :■ 

53'5 







18*1 

Lignite . . . . 

. 



42*7 


Bitmmnous coal 




29'2 


Anthracite . . 



86-5 


' 2*0 
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Origin of the different varieties of coal.— While it is probable that 
the early stages of the metamorphosis are brought about by bacteria and 
oxidation in a limited supply of air, it is also probable that the pressure 
of the superincumbent deposits of sand, mud, etc., estending over long 
periods of time, are needed for the later transformations. The gases— 
carbon dioxide, methane, water, etc. — ^formed during the earlier stages of 
the process of conversion of vegetable tissue to coal, can escape ; later, 
when the air is shut off, methane, etc., may be imprisoned in the coal to be 
released as “ firedamp,” p. 848, when the pressure is relieved during the 
mining of the coal. In some cases, the coal appears to have been heated 
under pressure. The nature of the final product, as now mined, must 
depend on the character of the original deposits and on the paidicuiar 
conditions -which prevailed at the different stages of the process of trans- 
formation. The vegetable matter may have been deposited in fresh or 
salt water, in lakes, lagoons, seas ; in marine swamps ; etc. The original 
vegetable tissue may have been algse deposits in sargossa seas, peat bogs, 
vegetable accumulations on the soil in luxuriant forests, delta and drift 
deposits, etc. The pressure may have been comparatively small, extended 
over a long period of time, and applied comparatively early in the process 
of transformation ; the pressure may have been verjr great and applied 
late in the process of conversion ; etc. An “ old ” coal geologically, might 
be ‘‘ young ” chemically, and conversely. Geologists can sometimes form 
a good idea what has happened ; in other cases, they confess complete 
ignorance. 

The different types of coal. — ^Assuming that peat represents the first 
stage in the metamorphosis of vegetable tissue into coal, it is possible to 
recognize several different types of peat ranging from bog-moss to heavy 
black peat which is closely related to lignite or brown coal — ^the second 
stage in the process of conversion. Analysis shows that lignite contains 
a large amount of moistme, and although it ignites readily, and burns with 
a long smoky flame, its calorific power is comparatively low. Lignite 
generally disintegrates rapidly on exposui’e to the air. Bituminous coal 
— ^the third stage in the transformation — ^is denser than lignite, black, 
and comparatively brittle. It seldom disintegrates on exposure to the 
air like lignite. Thin sections under the microscope show traces of woody 
fibre, lycopodium spores, etc. It burns with a yellow fiaine, and has a 
greater heating power than lignite. Some bituminous coals when heated, 
soften and seem to fuse, for the coal cakes into a continuous mass — caking 
or coking coal. Caking coals furnish a hard compact coke. Other 
bituminous coals do not cohere in this way when heated— non-caking 
coals. These furnish a pulverulent coke. There are ail gradations 
between the two sub-types. Anthracite coal has a low proportion of 
volatile hydrocarbons, and a greater amount of fixed carbon than the 
other varieties. It is hard, dense, black, and brittle ; it presents no 
trace of vegetable structure ; it ignites with difficulty and burns with a 
short fiame with a Ingh calorific power. 

Parrot or cannel coals differ from ordinary bituminous coals, and 
have been formed differently. Oannel coals from different 
localities pass by insensible ^adations into bituminous shales. Cannel 
coals burn with a luminous smoky fiame, hence the term ** cannel coal ” 
(candle) ; they also decrepitate .with a crackling noise when heated, hence 
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tlie term parrot coal “ These coals are -used almost exclusive^ lor; gas 
■ making. ^ Cannel coals yield a' relatively large quantity of Mglily_,inniinoiis^' 
gas, leaving a .residue •which contains a relatively small amount of coke.' 
They contain from 50 to -70 per cent. ■ volatile matters, 30. to 50 per cent, 
of: fixed carbon ; , 1|' to 5 per cent, of ash ; up to. If per cent, of sulphur ; 
and 3 per cent, of rnoisture. 

§ 5. Coke. 

Coke can be regarded as a light, porous fuel obtained as a residue' 
when coal is heated in a closed vessel out of contact with air. Coke 
generally contains between 85 and 90 per cent, of carbon. Coke is used 
in the manufacture of iron and steel, and in a great niany metallurgical 
operations where its comparative freedom from .sulphur and certain other 
impurities render it more suitable than coal. Coal may be converted into 
coke by heating it in closed vessels — ^gas, tar, and ammonia are obtained 
as by-products; or if coal gas is being manufactured, coke, tar, and 
ammonia are the by-products. The properties of coke depend Upon the 
nature of the coal from which it is obtained, and upon the v’ay the coal 
is “ coked.” The two main varieties are soft coke — porous, black, brittle, 
ignites with difficulty ; and is used for smith’s forges, etc. ; hard coke — ■ 
dark grey in colour, bright lustre, compact, metallic ring when struck, 
bears gi“eat pressure without crushing, used for furnace work and metal- 
lurgical operations generally. Coke may or may not be prepared under 
conditions where the by-products are recovered. Coke is made in many 
ways : (1) in heaps or meilers ; (2) in gas retorts ; (3) in beehive ovens ; 
and (4) in by-product ovens. The two latter are of metailiirgical 
importance. 

The beehive oven — so called on account of its shape — ^furnishes an 
excellent coke, but is rather wasteful. The ovens are built in batteries back 
to back with from 20 to 200 ovens. Each oven cokes about 7 tons of coal, 
and furnishes 4 or 6 tons of coke. The air for burning the coal enters 
tiu’ough an opening in the door, and the gases escape through the top flue 
fitted with a damper. The air supply is diminished from day to day. When 
no flame is visible, and all the interior is red hot, the openings are luted 
with clay, and in 24 hours (70-84 hours in all) the door is opened, and water 
from a hose is sprayed in the oven which is then ready for discharging. 

Coking in retorts — Simon-Carves’ oven. — ^The retorts are hori- 
zontal chambers built side by side in batteries of 22 to 50. The retorts are 
worked in pairs— one is discharging when the other is half “ coked.” The 
retorts are closed except for the exit left for the escape of the volatile 
products of distillation. The j>rodiicts of distillation are passed through 
condensers, and the gases are returned to be burnt in the horizontal flues 
below the retorts. There is a system by which the waste heat from the 
products of combustion warms up the air— secondary air — which is em- 
] 3 loyed for burning the gas below the retorts. In about forty-eight hours, 
the coke is expelled from the retort by means of a 2 ,‘am, and at once 
quenched with water. The retort , is reeharged through hoppers in the 
roof. The yield is almost theoretical The by-products are recovered. 
The coke is black, hard, compact, and without metallic lustre. There are 
many other forms of by-product ovens* ’ ; Che objection to coke as a 
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metallurgical product is the sulphur it contains. TMs varies from 0*6 to 
2 per cent. When this limit is exceeded, the coke is not used in many 
operations. The ash varies from 6 per cent, in good samples to 18 per 
cent, in very had ones. The fusibility of the ash has to be considered in 
selecting coke for a given operation. 

§ 6. Graphite. 

Prior to IC. W. Scheele’s work on molybdenum sulphide (p. 570) when 
he clearly distinguished between graphite and molybdenum sulphide, the 
miners confused graphite with quite a host of native sulphides, molybdenum, 
antimony, manganese, and lead. Ail these substances were classed in 
one family because of their outward resemblance, and the fact that they 
all marked paper. The confusion is shown by the fact that these different 
substances were called molybdoena, plumbago, graphite and hlack-Iead 
indiscriminately. The name molybdoena was dropped at an early date, 
but the other names are employed for graphite even to-day. Graphite 
contains no lead and the terms plumbago and black-lead are relics of the 
old days when all these different substances were confused together. 

Graphite is widely distributed in different parts of the world. Large 
deposits occur in Ceylon and other parts of India, Eastern Siberia, United 
States, Canada, Bavaria, Bohemia, Moravia, Pinerola (Italy), etc. The 
mines at Borrowdale (Cumberland) are practically exhausted. Graphite 
also occurs in the form of fine crystals in many meteorites. The ultimate 
composition is represented by the following analyses : 


Cingalese (Commercial) . 
Bohemian (Schwarzbach) 


Volatile matter. 
. . 5*20 

. . 1*05 


Carbon, 

68-30 

89-05 


Ash. 

26-50 

9-90 


But more pure and less pure varieties are on the market. It was once 
supposed that graphite contained lead — hence graphite is sometimes called 
hlacMmdt and phimhago. 

Graphite varies in specific gravity from 2 to 3. Hard graphite and 
soft diamonds have nearly the same specific gravity. Graphite occurs 
in two forms called crystalline and “ amorphous.” The crystalline variety 
has a lamellar, scaly, or flaky structure, and is largely used in the indus- 
tries. The amorphous ” variety is not of much industrial im|3ortance. 

Action of ree^ents. — ^Pure graphite is not attacked by heating it in a 
current of chlorine ; nor by fusion with potassium or sodium hydroxide ; 
some varieties are attacked by fused nitre. Chromic acid or a mixture 
of sulphuric acid and potassium dichromate oxidize it to carbon dioxide. 
Neither dilute nitric nor dilute sulphuric acid attacks graphite, although 
some varieties swell up into worm-Hke structures — sometimes 12 cm. long 
-“When the finely granulated (not powdered) graphite is moistened with 
nitric acid (specific gravity l*52“l-54) in a platinum dish, and then heated. 
W. Luzi (1891) calls those varieties which are indifferent to the nitric 
acid treatment — graphitites ; and those which swell up — graphites. It 
is generally believed that the phenomenon is a physical effect due to the 
absorption of acid in the capillary pores and subsequent expansion through 
the development of gas under the influence of heat. 

Graphitic acid. — ^The action of - nitric acid on grapliite is characteristic 
and distinguishes graphite from amorphous carbon, even though the 
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different varieties of graphite differ considerably,, among themselves,. 
Finely powdered graphite' is intimately mixed with 3 parts of . .potassinm' 
.chlorate , and sufficient concentrated nitric acid to .give adkpiid .mass. 
After heating three or .four days on a water bath, the solid residue is washed 
with ..water, and dried'. The treatment with .nitric acid, etc.,, as repeated 
four or five times until no fui'ther change occurs. Finally, a yellow sub- 
stance is obtained which retains the form of the original graphite.^ It is 
called graphitic acid (B. Brodie, 1859). The composition of graphitic' acid , 
is not quite clear. ^ The subject has not been investigated very much. 
For convenience, the above treatment is sometimes called Brodie’s re- 
action. Diamonds are not attacked by the treatment and ordinarj^ char- 
coal gives a brown mass soluble in water. Brodie’s reaction is a valuable 
means of identifying grajjhite, and it is considered the safest test for 
graphite knovm at the present time. Some graphites (e.g, Bohemian) 
give yellow amorphous powders, others (e,g, Cingalese) give yellow micro- 
scopic lamellar crystals. If graphitic acid be heated, it swells up, forniing 
a finely divided black powder resembling graphite, and called Brodie^s 
graphite or pyrographitic acid. The graphite which results from the 
treatment of amorphous graphite is almost identical with ordinary lamp- 
black so far as colouring and covering power are concerned ,* while the 
graphite from crystalline graphite lacks these two qualities— colouring 
and covering power. 

The action of heat. — Graphite when heated in air or oxygen burns to 
carbon dioxide, but it undergoes no change when heated in the absence of 
air or oxygen. It is rather difficult to ignite. The ignition temperature 
approaches 600°-700‘^. If some varieties of powdered graphite be heated 
in a test-tube to about 170°, the grains swell up enormously in buEv and 
fill the test-tube with a light amorphous powder — hence the term sprouting 
graphite. 

Artificial graphite. — Iron dissolves considerable quantities of carbon, 
particularly if much silica be present. The higher the temperature, the 
greater the amount dissolved. On cooling, part of the carbon is rejected 
chiefly in the form of gi-aphite (see Iron ”). Black scales of grapliite can 
be seen on a freshly fractured surface of cast iron ; and masses of it accu- 
mulate near the base of blast furnaces where it is called “ kish.” Graphite 
is also formed when coke or charcoal is heated to a very high temperature 
in the electric furnace out of contact with air. Aclieson’s graphite is 
made at Niagara Falls as a secondary product in manufacturing silicon 
carbide, by first grinding petroleum coke with coal tar or molasses 
and silica or iron oxide, mouidiug the paste into any required shape, and 
baking the mixture in suitable ovens. The carbons so prepared are used 
for batteries, electric arc lights, etc. They are grapiiitized, if required, 
by heating in the electric furnace, when the silica and iron oxide appear to 
act as a catalytic agent in converting the carbon into graphite. 

Uses. — Graphite when rubbed on paper leaves a black mark — hence 
the term grapiute — ^from ypd^etv (graphein), to write. It is therefore 
used for making had pencils. For this purpose the natural graphite is 
purified by grinding and washing so as to remove the grit. The purified 
graphite is mixed with a little washed clay and forced by hydraulic pressure 

^ One treatment suffices for some graphites ; ’ others are more resistant. 

® W. Lnzi gives -HtBerthelotj-Gg^HiaQi's* 
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throngli dies of the necessary shape. It is then stoved and cased in wood 
(red cedar for preference). Scaly graphite has been largely used, on account 
of its refractory qnalities and iiigh heat conductivity for the manufacture 
of ■phimbago crucibles. The grajihite is mixed with different proportions 
of clay and sand-— 75 parts of plastic clay, 25 sand, and 100 of graphite. 
The crucibles are inoulded by machinery or by hand, dried, and baked 
at a red heat. Other refractory goods are also made from graphite. 
Graphite is also used as a lubricant for machinery, a coating for iron 
to prevent rusting, coating for goods— say plaster of Paris — to be later 
electrotyped, preventative for boiler scale, stove polish, polishing powder, 
for gunpowder, etc. Graphite is also used largely in making electric 
furnaces either alone or mixed with carborundum — ^thus hryptol is a mixture 
of graphite, carborundum, and clay. The resistance offered by this material 
to the passage of the electric current raises the temperature of the mass. 
If the mixture be suitably enclosed very little graphite is lost by com- 
biistion. Graphite conducts electricity very well, and electrodes of 
graphite are used in the electrochemical industries — e.g, as anodes in the 
manufacture of chlorine bj'" electrolysis of sodium chloride. Graphite is 
also used for battery plates, electric light carbons, etc. Colloidal graphite 
obtained by defloccuiating graphite with an aqueous solution of tannin 
and also with oil, is used as a lubricant, etc., under the commercial names 
aqiiadag and oildcig. 

§ 7. The Diamond. 

For long ages diamonds have been prized as ornaments on account of 
their beauty, rarity, and permanence. As a gem, the diamond is altogether 
unique, for it is separated from all other gem-stones by peculiar and distinct 
properties — physical and chemical. The Greeks’ aclamas, the unconquer- 
able, because it was considered to have passed unscathed through the 
hottest furnaces to which it had been exposed, and to resist scratching by 
the hardest things known. The diamond is mentioned in Exodus (xxviii. 18) 
as one of the 12 precious stones on which the names of the children of 
Israel were engraved. The ideas of the ancients about the diamond were 
confused and vague, and many fabulous properties were attributed to it. 

Diamonds occur in their natural state as more or less rounded rough- 
looking pebbles not unlike pieces of gum arabic in appearance. The 
natural diamond must be cut and polished to bring out its lustre and 
sparkle. The diamond-cutting industry is developed chieffy in Amsterdam 
and Antwerp. The shape of the crystal as it leaves the diamond cutter 
has no relation to the natural crystalline shape. About half the diamond 
is lost during the cutting. The object of the lapidarist is to get the 
maximnm. reflection of light from the interior of the stone. The “ rose ” 
and brilliant,” for instance, are standard shapes ; the latter has a rather 
large fiat face which is really the. base of a pyramid with many sides 
(facets). The liigh reflecting, and refracting power of the diamond are the 
particular qualities which make it supreme above other gems. In virtue 
of these qualities, the light falling oh, say, the front face of a brilliant 
passes into the diamond, and, is reflected from the interior surface of the 
facets. The reflected light is refracted, into a wonderful play of ‘‘ lightning 
flashes, and sparkling scintillations as it passes into the air. The €%lUmn 
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Is the largest known diamond. It was found near Pretoria (South Africa), 
January, 1905, and weighed over ij lbs. ; after cutting, it weighed about 
800 carats A and was valued at £100,000. It was presented to the King 
of England by Cape Colony in 1909. The MegeifU or Pitt dkmond owned 
by the Treasury of the French Crown is the purest and finest known. . It 
weighs 136| carats, and is valued at F. 480,000. Stones over an ounce 
in weight are comparatively rare. 

Occurrence. — Biamonds are sparsely distributed in different parts of 
the world. The chief localities are South Africa, Brazil, Ural, India, 
Borneo and Australia. They have been found in meteorites—e.g. the 
Canyon Biablo meteorite (Arizona^ U.S.A.) contained both black and 
transparent diamonds. Diamonds occur in river beds and in beds or pipes 
containing a heterogeneous mixture of fragments of various rocks cemented 
together "with a bluish indurated clay knowm as “blue earth.” The 
diamonds are found embedded in the blue clay. The clay cmmHes on 
weathering, and: the diamonds are readily detected in the disintegrated 
mass. ^ 

Varieties.—Biamonds are usually tinged slightly yellow. The clearest 
and most nearly colourless diamonds mthout flaw are most prized as 
“ diamonds of the first water.” Diamonds are also occasionally coloured 
blue, pink, red, and green owing to the presence of traces of foreign metals. 
Some diamonds are dark grey and even black ; they exhibit a more or 
less imperfect crj^staliiiie structure, and are known as black diamonds — 
boart or bort, and carbonado. Boart is an imperfectly crystallized black 
diamond which has various colours, but no clear portions, and is therefore 
useless as a gem ; boart is used in the drilling of rocks, and in cutting and 
polishing other stones. Carbonado is the Brazilian term for a still less 
perfectly crystallized black diamond. It is as hard as boart, and has 
similar uses. Boart and carbonado are usually regarded as intermediate 
forms between diamonds and graphite. 

Properties. — ^The diamond is rather brittle. It is the hardest substance 
known. Crystalline boron comes next ; it is nearl}’- as hard as the diamond. 
The hardness, refracting power, and other properties vary with different 
diamonds ; and, indeed, in different parts of one diamond. The specific 
gravity varies from 3*514 to 3*518 ; carbonado, 3*50 ; boart, 3*47 to 3*49. 
Amorphous graphite has a specific gravity of 2*5 ; hard gas carbon, 2*356 ; 
and amorphous carbon, 1*45 to 1*70. The diamond is transparent to 
Rontgen’s rays, whereas glass, used in imitation of the diamond, is nearly 
opaque to these rays. This furnishes a ready means of distinguishing 
imitation diamonds from the true gems. 

The diamond is insoluble in all liquids. Fused potassium hydrofiuoride 
mixed with 5 per cent, of nitre attacks the diamond slightly ; a mixture of 
potassium dichromate and sulphuric acid oxidizes the diamond to carbon 

Diamonds are sold by the “ carat.” The carat represents the ’Roman siligua 
or Greek KCpanov. It was -^th of the golden solidus of Constatxtine, which was 
|th oz. It is now a measure of weight used for diamonds and other precious 
stones, and was originally oz. . or 3-^- grains, but it is now nearer 0*207 

gram, jkth oz. troy, or 3J- grains troy. The value of the international carat is 
0*2 grm,, or 3*08647 grains troyv The term “ carat ” is derived from the caiyb 
bean, formerly used as a small" iveight by the diamond merchants of India. Its 
exact value has varied in time, and it. varies ip -difeent countries. The carat 
is also a proportional measure of -g^th,! and."is'ti^!d,in' stating the fineness of gold. 
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dioxide at about 200°. Unlike grapMte and amorphous Garboii, diamonds 
are scarcely attacked by a mixture of potassium chlorate and nitric acid. 

The action of heat. — a clear crystal of the diamond be placed 
between two carbon poles of an electric arc — ^in the absence of air — -when 
the temperature approaches 2000°, the diamond swells up and changes 
to black grapMte : Cdiamond — ^graphite — 0*5 Cal The diamond, 
boart, and carbonado commence to burn when heated in air between 710 ° 
and 900 °, The ignition temperature depends upon the hardness, etc., of 
the diamond. A soft Brazihan diamond burnt at 710°, and an excep- 
tionaliy hard boart at 900°. It is rather difficult to burn the diamond 
unless the temperature be maintained by, say, placing the 
diamond on a piece of platinum foil heated red hot by an 
electric current. An apparatus suitable for burning the 
diamond in oxygen is ihustrated in Fig. 283. A splinter 
of diamond is placed on a piece of stiff platinum foil arranged 
so that it can be heated red hot by the passage of an electric 
oun'ent when the globe is full of the required gas. Some 
•varieties of graphite require a special method of ignition 
Fig. 283.— The before they can be burnt in oxj^gen gas. The product of 
Combustion the combustion is carbon dioxide (p. 800). A light ash 
of Diamonds consisting of iron, lime, magnesia, silica, and titanium 
m xygen. Clean crystalline diamonds have about O'Oo per 

cent, of ash, whereas with boart the ash may run as liigh as 4 per cent. 
Arguing from the high refractory power of camphor, olive oil, amber, etc., 
‘'which are fat, sulphureous, unctuous bodies,” Isaac Newton (1675) 
inferred that “ a diamond is probably an unctuous substance coagulated,” 
although he was anticipated by A. Boetius de Boot in 1609 ; thus predict- 
ing what was later on proved experimentally. In 1694, Averani and 
Targioii of the Academy of Amento first burnt the diamond by exposing 
it in the focus of a large “ sun glass.” Lavoisier in 1775, and H. Davy 

in 1814, showed that the diamond forms 
carbon dioxide when burnt, and unlike 
graphite and charcoal, it gives no 
aqueous vapour, showing that it is free 
from hydrogen and water. Hence it 
was 

Uzed carho7u 

The synthesis of diamonds. — ^Molten 
solids, on cooling, generally crystallize. 
Carbon, however, volatilizes at ordinary 
atmospheric pressures at about 3600° 
mthout passing through an inter- 
mediate liquid state. Arsenic also 
■volatilizes at ordinary pressure without liquefying; but arsenic easily 
liquefies if it be heated under pressure. It is therefore inferred that if 
sufficient pressure could be obtained, carbon also would, melt to a liquid 
which would crystallize on cooling. The diamond at ordinary temperatures 
is supposed to foe the unstable, and graphite the stable form. If the one 
form does pass into the other; at, ordinary temperatures, the speed of 
transformation must be extremely slow. A. Smits’ hypothetical "views 
(1905) are summarized in Mg, 284. It is estimated that if the pressure 
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were great enongii,,. graphite would- melt' at about ^3000% and that' the 
liquid would have , a vappur pressure represented by BO^ Fig.' 284, and. the, 
solid a .vapour qn’essure AB, .The vapour pressure o.f the, diamond v?ouId 
be, represented by AD where D is the melting point of the diamond under 
, great , pressure. , BE shows how the melting- point of carbon elianges 
with pressure. If molten graffhite be under-cooled the solution would 
become more and more viscous, and appear as amorphous carbon. 

Iron dissolves carbon and gives it up again on cooling. Other metals, 
especially silver, behave in a similar manner, but iron appears to be the 
best solvent. The solubility increases with the temperatui-e. Moissan 
packed a piece of iron, as pure as practicable, in a carbon crucible with 
sugar charcoal. The crucible was heated between the poles of an electric 
arc furnace (700 amps., 40 volts) — Fig. 285. Under these conditions the 
iron melted and dissolved much carbon. When the temperature had 
reached 4000°, and the iron was volatilizing in clouds, Moissan plunged the 
crucible in cold water. The sudden cooling solidified the outer layer of 
iron. The expansion which the inner liquid core underwent on solidifying 
must have produced an enormous pressm’e. Hence, the carbon separated 
from the iron under a very great pressure. After dissolving away the iron, 
etc., some of the carbon which remained was in the form of boart — black 
di,amonds — some as graphite, and some in the form of transparent diamonds 
— ^microscopic, it is true. Moissan separated as many as 10 to 15 minute 
transparent diamonds from a single ingot treated in this way. The largest 
was about f mm. long. Crookes also appears to have detected diamonds 
in the carbonaceous residue obtained when cordite is exploded in closed 
steel cylinders where the pressure is estimated to be as high as. 8000 atmo- 
spheres and the temperature over 4000°. 

E. de Boismenu (1907) claims to have sjmthesized diamonds approach- 
ing 2 mm., in diameter by the electrolysis of molten calcium carbide. The 
diamonds were found about the anode. A kilogram of the carbide is said 
to have furnished 1*75 carats of true diamonds. The claim is unconfirmed. 

§ 8. Electric Furnaces, 

The use of electrical energy for metallurgical furnaces is becoming of 
greater importance every day. The heat required for the reduction of the 
metals from their ores, and for the subsequent treatment of the metals is 
no longer exclusively produced by the combustion of carbonaceous fuels — 
charcoal, coal, coke, gas, petroleum, etc. Carbonaceous fuel is apparently 
used in some electric smelting furnaces, but rather as a reducing agent and 
carbonizer than as a source of heat. The most important characteristic 
of electric energy is the concentration of almost any degree of heat in a 
given space so that operations can be readily performed which are im- 
possible at the lower temperatures available with carbonaceous fuels. The 
applicability of the eleetrio furnace for ordinary metallurgical operations— 
reduction of iron ores, etc. — ^is feasible where cheap water power is available 
and fuel is costly, although usually, electrical power is too costly for ordinary 
smelting operations. 

It seems here advisable to emphasize the difference in some types of 
electric fonace indicated in this work . Furnaces in which the electric 
current is used as a, source of heat are not to be confused with those in which 
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tiie electric current is used for electrolysis. The main types of electric 
furnace are : 

1. Arc furnace. — In this, the heat is produced by one or more electric 
ares. The arc may be established between one or more pairs of carbon 
or graphite poles as in Moissan’s furnace — Eig. 285 ; or between the fused 
metal bath or fused slag and a carbon pole as in some furnaces used for 
reducing iron ores to pig ii*on, and in refining pig iron and steel. 

2. Resistance furnace. — ^Here the heat is produced by the passage of 
an electric current through a solid or liquid resister. 

{a) A special resistance, e,g. nickel, ni-chrome, platinum wire, fragments 
of carbon, etc., is embedded between the inner and outer walls of the 



Fig. 285. — ^Moissan’s Electric Arc Furnace, 

furnace. The inner wall may take the form of a muffie, tube, etc. These 
furnaces are fairly common in chemical laboratories. 

{h) The charge in the furnace constitutes the resisting medium. The 
resistance of the medium raises the temperature of the charge, e.g, the 
phosphorus furnace (Eig. 234) ; the calcium carbide furnace (Eig. 281) ; 
the carbon disulphide furnace (Eig. 264) ; and the carborundum furnace 
(Fig. 331). ' 

3. Electrolytic furnace. — A continuous current splits the fused electro- 
lyte into its component parts. Tho heating effect of the current may or 
may not suffice to keep the contents of the furnace in a fiuid condition. 
The aluminium furnace (Eig. 246) illustrates the former ; and Oastner’s 
sodium furnace (Eig. 147) the latter. 

4. Transformer or induction furnace.—The molten metal forms part 
of the secondary of a large transformer, and the current is not led in by 
terminals or electrodes, but by ^eless transmission is generated directly 
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in the metal bath. The furnace hearth is thus connected wtli the dynamos 
in no visible way. These furnaces are used in steel refining, and are not 
illustrated in this text- book. ' 

Questions. 

1 . What do you understand by the terms element and compound ? What 

experiments would you make on (a) ferric oxide, and (6) carbon in order to deter- 
mine in the case of each of these substances whether it is an element or a com- 
pound iVorii'i IFaZes. 

2. You are given a jar containing one of the following gases : — hydrogen, 
oxygen, nitrogen, nitrous oxide, carbon monoxide, methane, and carbon dioxide* 
Bescribe exactly how you would proceed to ascertain which gas is present,— 
Sydney Univ, 

Z, Name the principal “ impurities ” which are tisually present in the ak of 
towns, liow could you determine the amount of any two of these substances 
present in 100 volumes of air ? How does town air differ from country air, and 
how may these differences be accounted for ? — Board of E dm. 

4. Describe properties of carbon which tend to show that diamonds cannot 
have been formed at a temperature at which pure iron melts. How would you 
show that carbon dioxide is a compound of carbon and oxygen, and that it con- 
tains very nearly its own volume of oxygen ? — London Vnw. 

5. Carbon is tetravalent ’’ in many of its compounds. Explain the meaning 
of this statement . — London Univ, 

6. State what happens when the following substances are heated to a suffi- 
ciently high temperature with charcoal ; sulphur, phosphoric oxide, arsenious 
oxide, zinc oxide, litharge, sodium carbonate. Express the reactions in equations. 
—Science and Art Dept. 

7. What is charcoal, and how can it be made on a large scale ? Describe the 
difference between peat, lignite, bituminous coal, anthracite, and graphite. — 
Bombay Univ. 

8. If 100 parts by weight of air contain 23 of oxygen and 77 of nitrogen, how 
many tons of air would be needed to bum one ton of coal consisting of : 

Carbon. Hydrogen. Nitrogen, Oxygen, Ash. 

90*55 4*14 1*26 2*35 1*70 

Assume that, on burning, the carbon is wholly cop'erted into carbon dioxide, 
and the hydrogen into water ; that the nitrogen is evolved as such, and that 
the ash is already fully oxidized. — London Univ., 
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Combustion and Flame 


§ 1. Mayow’s Work on Combustion. 

Slowly, grtvclually and laLorioiisly one thouglit is transformed into a different 
thought, as in all likelihood one animal species is gradually transformed 
into a new species* Many ideas arise simultaneously. They fight the 
battle for existence not otherwise than did the Ichthyosaurus, the Brahmin* 
and the horse. Thoughts need their own time to ripen, grow, and develop. 
— E. Mach. 

Sevekal of the early writers knew quite well that fire cannot exist without 
air, thus, in the 13th centuiy, Roger Bacon said that ‘^air is the food of 
^ ^ fire”; and near the beginning of the 16th 

f century, Leonardo da Vinci clearly recognized 

/ ,tU that air is necessary for the sustenance of the 

I Ml flame of a burning candle, for he said “ there 

\ 4 m smoke in the centre of the flame of a wax 

A tl candle because the air which enters into the 

composition of the flame cannot penetrate to 
the middle. It stops at the surface of the 
■U H®y// ""i#" flame and condenses there.” Leonardo con- 
^ sidered that air is not an element because one 

BhG. 286.— Mayow’s Experi- concerned in combustion. 

iueut on Combustion. R. Boyle (1661) also noticed that owing to the 
want of air ” the flame of. a lighted candle 
expired more quickly under the exhausted receiver of an air pump than 
wFen the receiver was not exhausted. Tliis and other experiments on 
similar lines showed that, air is necessary for combustion. Robert Hooke 
(1665) suggested that air was mixed with a substance ‘‘ which is like, if 
not identical wath, that w^hich is fixed in saltpetre.” ^ Hooke also seems 
to have recognized that only this portion of air is concerned in combustion, 
John Mayow (1674) subjected the guess or hyi)othesis of Hooke to the 
test of experiment. Mayow arranged a candle in water so that the 
wick v*as be Ween 9 and 10 cm. above the surface of the water. A glass 
cylinder, Fig. 286, was lowered over the burning candle so that the 
level of the water inside and outside the cylinder w^as the same. ^ The 
flame of the candle soon expired, and water rose in the jar. Some gas 

^ Scheele later produced oxygeu' from saltpetre— that is, potassium nitrate. 

2 Mayow describes a small syphem B, Fig. 286, which housed for this purpose. 
Imiuediately the jar was in position, the syphon was removed. 
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still remained in the jar, but it could not be air because one of the cbaraeter- 
istic properties of air is to support the burning of the candle, and the 
flame of a candle is immediately extinguished in the residual gas. Hence 
Mayow inferred that air contains; two kinds of particles one of which 
— ^the;‘tmtrO“aerial particles — is ‘^ withdrawn and destroyed by the 
burning candle. Mayow does not seem to have quite grasped the idea tha»t 
“ the nitro-aeiial particles ” which support combustion actually combine 
with the burning body, although he correctly inferred that the air was a 
mixture of nitro-aerial and aerial particles. ^ 

In fine, Mayo w’s observations show that air is a mixture of two gases, 
one of which is withdrawn during combustion, and the remaining 
gas does not support combustion. , ■ Mayow. got very near to ' the present- 
day theory of combustion, but unfortunately, his ingenious experiments 
had very little, if any, influence on the subsequent development of 
chemistry, because, for another century, more trust was placed in 
phantasms of the imagination than in facts obtained by precise 
observations. 

§ 2, The Phlogiston Theory. 

During the greater part of the IStli century, the doctrine of phlogiston was 
not only the lamp and guide of chemists, but it remained the time-honoured 
and highest generalization of physical chemistry for over half a century. — • 
S, P. Lxng-ley. 

Phlogiston died as an old king — once infinitely dominant, somewliat tyranni- 
cal, not always just ; now’ deposed, decrepit, utterly senile, forsaken by 
all. — W. Odling. 

The beautiful fiction of Greek mythology, as related by /Eschyius, 
tells how Prometheus stole fire from heaven and gave the sacred gift to 
man as the most useful of all his necessaries. To many ancient worshippers 
fire was a thing divine, the supreme manifestation of God Himself ; and it 
soon became the one visible symbol of God Who was called by the 
Zoroastrian fire worshippers “ the one Fire thus came to be the 

first and most potent of all the elements, and it is thus easy to understand 
how Heracleitus came to regard fire as the sole primal element from which, 
all things were created ; and how fire was canonized by Pythagoras and 
Empedocles as one of tlxe four indispensable and all-sufficient eomx>onents 
of the -whole universe. Accordingly, about the middle of the 18th 
century, combustion was explained by the aid of the assumption that all 
combustible substances contained the essence of fire — an inflammable 
principle — ^\itffiich enabled them to burn. This obviously means very little 
more than that substances burn because they are combustil^Ie. Geber 
(c. 770) thought that the inflammable principle must be sulphur — u6i 
ignis et calo7\ ibi sulphur (“ where there is fire and heat, there is sulphur 
J. J. Becher (1669) pointed out that many combustible substances were 
knowm which did not contain sulphur, and he w'as led to postulate tlie 
existence of another principle wffiieh he termed terra pinguis — ^fatty or 
inflammable earth. Becher’s fatty earth became Stahl’s phlogiston — 
from the Greek 4>^oyLaT€o) (phlogisteo), I set on fire. G. E. Stahl (1723) 
taught that in the act of combustion phlogiston, an intrinsic constituent 

^ “ . . . aere exJmuriri et ahmmV^. ; , . • 

2 Some modem eommeutators consider the former to be oxygen, the latter 
nitrogen. 


902 


MODERN INORGANIC CHEMISTRY 


of every eombnstdble body, is set at liberty. Oxidation was said to be due 
to the escape of phlogiston ; reduction to the absorption of phlogiston. 
When a metallic oxide was heated with a substance rich in phlogiston, 
e.g. charcoal — or reducing agents generally — the cliarcoal supplied 
the calx or metallic oxide with phlogiston, and reproduced a compound 
of phlogiston with the metallic oxide which was the metal itself. Metals 
were thus supposed to be compounds of phlogiston and their calces (oxides). 
The noble metals have their calces so firmly fixed that nothing can take 
it from them. While the base metals are turned into calces wdien roasted 
in air, the royal metals remain intact during the fiercest trial. If phlogiston 
escaped, the jnetallic oxide remained. The idea can be symbolized : 
aietal ^ Phlogiston 4* metal calx (oxide) 

When it was shown that the metallic oxides were heavier than the corre- 
sponding metals {e.g. Rey’s experiment) it was assumed that phlogiston 
was lighter than air, so that the metal was buoyed up, so to speak, by the 
associated phlogiston (p. 20). Phlogiston began as an imponderable 
principle, and it narrowly escaped being generally identified with hydrogen, 
and some did actually consider hydrogen to be phlogiston itself ; one of 
the old names for hydrogen was phlogisticated air. 

Lavoisier’s conclusive proof (1774) that the increase in w^eiglit ’lyhich 
occurs during oxidation is equal to the weight of oxygen absorbed from the 
air ; and his cmcial demonstration that combustion is a process of absorp- 
tion and increase in weight which cannot be explained by a supposed loss 
of substance, soon banished the phlogiston lOTothesis from the domain 
of science. Hence it has been said that chemistry was not born until 
burning was investigated. It is not surprising that writers on chemistry 
in the Middle Ages failed to interpret the experiment of the burning of a 
candle in air when we recall the knowledge required to explain the chemical 
side of the phenomenon, altogether apart from the skill required in the 
manipulation of gases : 

(1) Air is composed of two gases both sparingly soluble in water ; 

(2) During combustion, one of the gases unites and the other does not 

unite with the burning body ; 

(3) ilir contains four volumes of the inert gas, and one volume of the 

gas which umtes with the burning body ; 

(4) A gas soluble in water is produced during the combustion ; and 

(6) The increase in weight of the combustible body during combustion 

is equal to the decrease in the weight of the air. 

The phlogiston hypothesis is sometimes held up to ridicule. We must 
bear in mind that the hypothesis was adopted by nearly all the leading 
chemists in the earlier |)a3i; of ' the 18th century when it ap] 3 eared to 
be as hrmly fixed among the root principles of chemistry as the kinetic 
theory does to-day. Thus Priestley said : 

^ If any opinion in all the modem doctrine of air be well-founded, it is certainly 
this, that nitrous air is highly chared with phlogiston* If I have completely 
ascertained anything at all relating to' air,- if is this. 

The phlogiston theoiy represent^ the most perfect generalization known 
to the be^t intellects of its day* , Under its infiuenee chemistry throve and 
multiplied its proportions. It is inconceivable that men like Bergmann, 
Black, Cavendish, Priestley, and Boheele would counsel what they con- 
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sidered to be an inconsistent doctrine. PHogiston was regarded, not as 
a temporary hypothesis, but as a permanent acquisition, an enduring con- 
quest of truth. To-day, the word is but an empty symbol. ^ 

Theories perish, facts remain.— Much of what we think best in the 
theories of to-day, may to-inorrow be rejected, with phlogiston, \’t’orthless. 
It is not at all improbable that posterity will be amazed at some examples 
of our inexplicable ignorance. This need cause the student no embarrass- 
ment. A fallacious theory may be a valuable guide to experiment. 
Experiment and labour applied to the explication of the most extravagant 
hypothesis is not always lost. Guided by wrong hypotheses men have 
sought one thing and found another — Columbus sought the Indies, and 
discovered America. — but it is necessary to follow Rene Descartes’ advice : 
Give unqualified assent to no proposition which is not presented to the 
mind so clearly that there is no room for doubt. As Aristotle would have 
said, we do not need to cultivate the art of doubting, but rather the art 
of doubting well. 

§ 3. Is Combustion Oxidation ? 

When a theory whieli has been received on good evidence appears to fall, the 
really essential and vital part of it survives the fall ; that which has been 
discovered continues to be true. — W. Wheweul. 

Inflammable air is undoubtedly charged with abundance of the principle of 
inflammability. — T. Bergmann (1779). 

Lavoisier’s work in 1774, on the composition of air, and on the increase 
in weight which occurs w^hen a metal is calcined in air, has abeady been 
described in outline. During the next two years, Lavoisier proved that 
carbon dioxide is the product of the oxidation of carbon — diamond and 
wood charcoal — and that carbon dioxide and water are the products of 
the combustion of organic compounds containing only carbon, hydrogen, 
and possibly oxygen. In 1777 Lavoisier published his oxidation theory 
of combustion : (1) Oxygen is necessary for combustion ; (2) Oxygen is 
consumed during combustion, and the increase in weight of the sub- 
stance burnt is equal to the decrease in weight of the atmospheric air. 
The origin of the water formed during the combustion of hydrogen w^as com- 
-*'pietely explained by Cavendish’s synthesis of water in 1783, Consequently, 

I combustion is a process of oxidation which is attended by the develop- 
ment of light and heat. When carbon burns in air, carbon dioxide 
is formed ; when hydrogen is burnt in air, water is formed ; when phos- 
phorus burns in air, phosphorus pentoxide is formed ; sulphur furnishes 
sulphur dioxide ; etc. Lavoisier’s work rendered the old principle of 
inflammability redunda.nt in the same sense that Newi:on’s work on gravita- 
tion rendered ihe principle of ‘ponderosity unnecessary to describe the failing 
of bodies. • ^ 

It must be added that many other chemical reactions which furnish 
light, heat, and flame, are now also included under the term combustion,” 
even though oxygen be absent. Hence, combustion is not always 

^ A. L. Lavoisier (1789) considered oxygen to be made up of caloric and the 
matter of oxygen. H. C. St. Deville (1860), Cfrum Bro^vn (1806), and W. Odling 
(1871) have pointed out that “ phlogiston occupied a similar position, in the 
chemistry of the 18th century that potential energy”^ does to-day. ^ Here, 
then, the old revives in the new. The chemistry of to-day is not materialistic, 
for it is occupied with both energy and matter. , , 
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ill oxidation^' for the term is . applied generally to any chemical process 
iP which is attended by the development of heat and light. Eor instance, 
the ‘‘ combustion ” of brass in chlorine ; of hydrogen in chlorine, etc. The 
develor>ment of dame, light, and heat during combustion is quite an acci- 
dental feature of the process of oxidation. The speed of the oxidation 
may vary from the slow decay of organic matter occupying maybe 
centuries, to the rapid inflammation — explosion or detonation wave — 
travelling at the rate of 10,000 feet per second. 

Pyrophoric powders. — ^Finely divided lead is prepared by heating lead 
tartrate, at as low a temperature as possible, in a glass tube sealed at one 
end. When the evolution of gas has ceased, either close the open end 
with a cork, or seal it up hermetically while hot. If the cold powder be 
allowed to fall through the air on to the floor, the oxidation of the j)owder 
proceeds so rapidly that the temperatxu’e is raised and the falling powder 
becomes red hot.^ Hence the term fyroplioric lead. Finely divided iron 
oxalate, nickel oxide, etc., reduced at a low temperature in a stream of 
hydrogen, also furnish pyrophoric powders. 

Spontaneous combustion.— The so-called spontaneous ignition of coal 
which takes place in gob,^ in coal stacks, in coal bunkers, etc., is said to 
be caused by the oxidation of pyrites in the coal ; it may also be due to 
the oxidation of the coal itself, ^ owing to excessive ventilation leading to 
a more rapid supply of air, and the oxidation of pyrites is in many cases 
of but minor importance. Heat is generated. In some cases, if venti- 
lation be defective, the heat is not dissipated, but warms up the mass ; 
the speed of oxidation is accelerated by the rise in temperature ; this 
generates still more heat until Snaliy^- the mass ignites. Some coal dust 
mixed with air ignites in the vicinity of 200®. 

Oxidation of oils. — ^Many oils — ^linseed oil, nut oil, poppy oil, hemp 
oil — absorb oxygen. Linseed oil used for paint, for instance, absorbs 
oxygen and forms a tough resinous skin as the paint dries.” This skin 
holds the coioming matters in suspension and protects the material under- 
neath. The paint oils, therefore, do not “ dry,” in the ordinary sense of 
the word, by evaporation, but by oxidation. The heat generated during 
the oxidation is dissijjated ; but if rags, etc., greasy with oil, be left in a 
badly ventilated place, or if a heap of greasy material be left for some time 
undisturbed under such conditions that the mass is not w^eil enough 
ventilated to keep it cool, the temperature may rise high enough for 
spontaneous inflammation. The oxidation of the paint oils is facilitated 
by the addition of lead and manganese salts. 

Eremacausis. — ^The decay of wood is a process of oxidation, very slow, 
it is true, and it proceeds by what appears to be a roundabout process. 
The end products, however, so far as we can tell, are the same as those 
obtained by direct combustion. The heat of the reaction too is no doubt 
the same (Hess’ law) whether the wood decomposes slowly with the for- 
mation of a large variety of intermediate products, and after a number of 

^ Tli© erperiitient is more amusing if the powder l>e allowed to fall on a smaU 
heap of guii|X)wd6r, * , ' 

^ “ Gob ** is the space from whieh coal has been removed, and where the 
slack is usually left behind as worthless. 

® There are other causes ol tmdergrotmd fires. Thus, the excessive ventilation 
of the may lead to gob fires owing to the greater supply of oxygen, and con* 
■ more rapid oxidatioKu''-' . 
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years ending, in carbon dioxide- and water ; or whether it .proceeds '„more 
directly in a few minutes by combustion. In both eases the same amount 
of energy is degraded although- the process of degradation proceeds by' 
different reactions. The process of slow oxidation without the application 
of heat is sometimes called slow combustion or eremacausis — from the 
Greek (erema), quietly ; Kavcn^ (causis), to burn. The rusting of iron 
(q.v.) is another example of a slow oxidation, although the end product is 
not the same as in the combustion of iron in oxygen. In the former case 
a hydrated ferric oxide — Fe^Os.^HgO — is formed, and 
in the latter case magnetic iron oxide — ^Fe 304 . The 
absorption of oxygen by rusting iron is generally illus- 
trated by inserting a plug of steel wool, A, Fig. 287, 
into a 100 c.c. eudiometer tube B, resting in a dish of 
water C, The level of the water B is adjusted, and the 
apparatus examined after about twenty-four hours. 

The iron will be coated with rust, and the enclosed air 
will have decreased in volume. A stick of phosphorus 
at the end of a wire may be held in the cylinder in 
place of the iron. The result of the experiment will 
be similar — ^I’emoval of oxygen. 

In the “ dilution method ” of sewage treatment, the 
sewage is mixed with a large volume of water. The 
oxygen dissolved by the water, assisted by bacteria, quickly renders the 
organic matter innocuous mainly by oxidizing it into carbon dioxide 
and water — and possibly nitrogen compounds. 



Fig. 2S7. — Iron 
K listing. 


§ 4, Respiration involves Oxidation. 

A living being is az work ; work means waste ; waste means decay \ 
is combustion ; combustion is oxidation.— -E. Aveling (1891). 


decay 


John Mayow (1674) demonstrated that the respiration of animals is a 
process of oxidation analogous with combustion. Mayow placed a mouse 
in a cage under a vessel standing over 
water — ^Fig. 288 — and noticed that the 
water rose in the jar as respiration con- 
tinued just as if a burning candle had 
been placed under the jar — p. 900, owing 
to the withdrawal of “ iiitroaerial par- 
ticles ” (oxygen). He found that the 
mouse died after a time, and it was 
impossible to ignite a combustible body 
in the residual “ aerial ” gas (nitro- 
gen). 

Metabolism of animals and plants.- 



Fig. 


288. — Mayow’s Experiment 
on Respiration. 


-AH living organisms are con- 
tinually wasting tissue as a result of muscular or other forms of work.^ 

^ Tliose constructive processes by which substances taken in as food by living 
organisms are converted into proto]5lasm and their own proper substance, are said 
to be anabolic — from the Greek avd (ana), anew j jJd/Uetr (ballein), to throw. 
Those destructive processes by which the protoplasm, etc., breaks domi into 
simpler products are termed katabolic— from the Greek Kark (kata), down. The 
two phenomena are included under the term metabolism— rG reek (meta), 

about* ■' ' '■''./v-' 
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The air during respiration ioses about 4 to 5 per cent, of oyxgen, and gains 
about 3 per cent, of carbon dioxide. Thus, the percentage coinposition 
of inhaled and exhaled air is reported by physiologists to be as follows; 

N, ■ O., COg ' Moisture. ' ' : 

Inhaled air. . . 79*l5 2l-(50 0*04 Varies. 

Exhaled air. . . 79*l>9 16*00 4*38 Nearly saturated. 

Oxygen, taken in by the lungs, is absorbed by the blood. The blood con- 
tains haemoglobin, this unites with oxygen, forming o:Kyhffimogiobin---the 
former predominates in blue venous blood ; the latter, in red arterial blood. 
The oxyhsemoglobin gives up its oxygen very readily, and it thus oxidizes 
the wake products— partly to carbon dioxide. The carbon dioxide held 
in solution by the venous blood is pumped by the heart to the lungs, and 
the gas is finally exhaled in the breath. Thus, with each respiration the 
animal robs the atmosphere of some of its oxygen, and introduces into 
it a proportionate c^uantity of carbon dioxide. 

By breathing into a beaker, and then adding clear lime-water ; or 
better, by blowing through a glass tube into a beaker containing clear 
lime-water, it is easy to demonstrate the presence of carbon dioxide in the 
breath. The precipitation of calcium carbonate causes the clear lime-water 

to become turbid, etc. 
The experiment can be 
modified by drawing a 
stream of air through 
pieces of “ soda-lime 
in a tower, A,. Fig. 2*39, 
to remove carbon di- 
oxide from the air ; then 
through a washbottle, 
B, with clear lime- 
water. The clarity of the lime-water demonstrates the absence of 
carbon dioxide in the stream of air. The air after passing the temoin 
(witness) tube, B, enters a glass chamber, (7, which holds a mouse or a 
couple of mice, and then passes through another washbottle, D, con- 
taining clear lime-water. The turbidity of the lime-water in i), and the 
clarity of the lime-water in (7, can only be explained by assuming that the 
mice are giving off carbon dioxide during respiration. The same vessel 
C can be used for trying the effect of different gases on mice. 

Less carbon dioxide is exhaled during sleep because less waste products 
are formed. The heat evolved during the oxidation processes in the body 
maintains the body at the necessary temperature. The respiration of 
animals and plants is essentially a true process of combustion, for in order 
to secure the necessary warmth, a part of the body is burnt, and the 
necessary supply of oxygen and the removal of the products of combustion 
—carbon dioxide, etc. — ^is effected by the lungs in breathing. In the case 
of plants, most of this work is done by the leaves. The leaves of plants 
thus act as so many lungs. The respiration of animals and plants goes 
on continuously, night and day— oxygen (air) is taken in, and returned to 
the air as carbon dioxide and water. The consequent loss in weight in 
both animals and plants is made good by assimilation or feeding. Fish 
abstract dissolved oxygen from water by the aid of their gills. Fish quickly 
diB for want of oxygen when' -pl^M -in' cold water which has been depriv^ 



Fio. 289. — Exhalation of Carbon Dioxide by Animals. 
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Oxygen from Air 
during the Respi- 
ration of Plants. 


of dissolved ‘‘air ’’ by boiling. Aerated water ^ fnrnisbes the oxygen 
necessary for their sustenance. 

Similar remarks apply to plants, and the abstraction of oxygen from 
air during the respiration of plants is illustrated by 
,, the experiment, Big. 290. 

Assimilation by plants. — The respiration of plants 
must not be confused with the process of assimila- 
tion. In daylight, plants absorb carbon dioxide 
from the air, fix the carbon, and give off oxygen. 

In sunlight, the process is veTj active, so that the 
respiration process, though at work, is masked 
because more carbon dioxide is taken in and oxygen 
given out by assimilation (feeding) than oxygen is 
taken in and carbon dioxide given out bj^ respira- 
tion (breathing). The decomposition of the carbon 
dioxide (feeding) only occurs in daylight, and plant 
life is thus dependent upon this process for nourish- 
ment, This action of light may be readily shown 
by loosely packing a two -litre flask with green 
leaves, and filling up the flask with w^ater through 
which carbon dioxide has been allowed to bubble. Bit the flask with 
a stopper, and funnel as shown in the diagram, Big. 291. Also fifi the 
flask and part of the funnel with water. A test-tube inverted over the 
funnel will collect sufficient oxygen to allow the usual tests being made.^ 

The energy required for the decomposition of the carbon dioxide is 
derived mainly from the solar light and heat. There is thus a transfor- 
mation of the sun’s energy into chemical energy which is stored up as 
vegetable tissue. The heat of combustion of burning 
wood is believed to be equivalent to the solar energy 
used in its formation (Hess’ law). At night, in dark- 
ness, feeding stops, but breathing — ^the absorption of 
oxygen and the evolution of carbon dioxide — continues. 

The net result of both processes — assimilation and re- 
spiration — ^is to remove carbon dioxide from the air, 
and restore oxygen. There is probably a kind of equili- 
brium pressure between plants and the carbon dioxide 
of the air. If the amount of carbon dioxide exceeds a 
certain limit, this would be followed by greater activity 
in vegetable life, and thus the normal proportion of 
carbon dioxide would be restored. Similarly, if the 
amount of carbon dioxide were reduced below the 
normal, vegetable life would be impoverished until 
equilibrium was restored. The proportion of carbon 
dioxide present in the gases dissolved by sea -water is 
about 27 times as great as the proportion of this gas in air. Since carbon 
dioxide is very soluble in water, it follows that if a large surplus of 
carbon dioxide were introduced into the atmosphere, say, from volcanio 

^ That is, water containing dissolved o^gen, or rather air. 

2 If the water be too highly charged wife carbon dioxide, it may be necessary 
to remove the caxhon dioxide from fee oxygen, before testing, by means of a 
little potassium hydroxide solution. Leaves of fee' Common Birdsfoot ” were 
used in tho apparatus, Fig. 291 , “ ■ ■ . - - ' 



Fig. 291. —-As- 
siniilation of 
Carbon Dioxide 
by Plants. 
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sources, the sea would dissolve a still greater proportion. Hence the sea 
must he an im2)ortmit means of regulating the amount of. carbon dioxide 
in the atmosphere. 

It will be noticed that ail animal and vegetable life is dependent upon 
the carbon dioxide — > carbon reaction, which in turn is dependent upon 
the sun’s energy. There is a kind of closed cycle, an alternation of oxida- 
tions and deoxidations : 

Sun’s energy stored — plants feed 


Energy dissipated— -animals and plants breathe, etc. 

maintained by a continuous supply of energy from the sun. (I. Stephenson 
w^as wont to call coal “ bottled-up sunshine,” a saying which, though not 
strictly accurate, is true in the sense that the sun began the operation 
thousands of years ago. If the supply of sunlight should cease, the 
deoxidation of carbon dioxide would stop and the present conditions of life 
on the earth would come to an end because the available carbon would be 
transformed into unavailable carbon dioxide. 

§ 5. Ignition Point ; Kindling Temperature. 

When heated uj) to the ignition point, a combustible substance absorbs heat 
in the same way that ice does when its temperature is gradually raised I 
but as the ignition temperature is reached, the chemical equilibrium 
becomes unstable, with a resultant transformation even more striking than 
that which occurs when ice melts.*— S, A. Reeve. 

We have seen that the speed of a chemical reaction is usually accelerated 
by raising the temperature ; and also that in exothermal reactions, heat 
is evolved in consequence of the chemical action. If finely divided 
phosphorus be exposed to the air, oxidation commences ; heat is developed 
by clienlicai action more quickly than it is conducted aw^ay. In conse- 
quence, there is a rise of temperature. This accelerates the speed of 
oxidation and causes a still greater development of heat. This, in turn, 
still further accelerates the speed of the reaction until, when the tempera- 
ture has risen to about 60°, the phosphorus bursts into flame. The 
ignition or kindling temperature is the temperature to which the^ sub- 
stance must be heated in order to start combustion or explosion. 
Phosphorus, at temperatures below its own ignition temperature, does not^ 
combine with oxygen fast enough to cause inflammation ; at and above this ; 
temperature, the oxidation is attended by combustion. Many substances' 
inflame spontaneously at ordinary temperatures, for instance, phosphorus, 
boron and silicon hydrides, zinc ethyl, etc. This means that the ignition 
temperatures of these substances are at or below ordinary atmospheric 
temperatures. The ignition temperature must not be confused with the 
temperature of the reaction. The ignition temperature is no more the 
temperature at w^hich the reaction begins than the boiling point of water 
is the temperature at which eya;^ration begins. The explosion of a whole 
mass of ga,s, and the ignition of a portion of a gaseous mixture are different 
phenomena. For pressures of one atmosphere, the ignition temperatures 
of jnixtures of oxygen or air. •.with-? 
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Ho CO CH G H 

Oxygen , . . ■ , 580®-6lo® 637®-658® '536®-700® ' 

Air . . ' . . 580®-590® . 644®-658® , 660°-750° ' 520®~S30® 

DiminisiiiBg the pressure half an atmosphere raises the ignition temperature 
about 5°, and raising the pressure 2 atmospheres lowers the ignition tem- 
perature about B. Dixon and H. B. Coward* 

If the heat could be conducted away from the oxidizing phosphorus 
quickly enough, the temperature of the reacting substance would ncTer 
reach the ignition point. Substances in vigorous combustion, if cooled 
below the ignition temperature at the seat of the reaction, may be extin- 
guished. In illustration, a candle flame can be extinguished by placing 
a helix of copper wire about the flame, whereas, if the 
helix be first heated, the flame will not be extinguished. 

It is not necessary to heat all the reacting system 
to the temperature of ignition. The heat may be 
applied locally. A lighted match applied at one point 
will ignite a barrel of gunpowder ; and a small electric 
spark is sufficient to inflame a vessel of detonating gas. 

But a sufficient quantity of the mixture must be ignited 
to develop enough heat to prevent its being conducted 
away so quickly that the temperature cannot be 
maintained above the ignition temperature when the 
stimulus is withdrawn. Thus, sparks below 0’22 mm. 
in length will not ignite electrolytic gas. The nitrogen 
and oxygen of atmospheric air can be made to burn in 
an electric arc with a flame producing nitric and nitrous 
acids; but the evolution of heat is not sufficiently great to FlaSi point. ^ 

raise the temperature of the gas up to its ignition point. 

Indeed, the reaction is endothermal. If otherwise, the flame would quickly 
spread through the atmosphere, and ^‘deluge the world in a sea of nitric and 
nitrous acids’’ (W. Crookes). In endothermal reactions, too, the reaction 
may be started at one point, heat is absorbed from the surroundings, the 
temperature at the seat of the reaction is reduced, and the speed of the 
reaction slows down, until finally, the reaction comes to a standstill. 

The ignition temperature of oils is an important subject where 
petroleum oils are used for illumination, cylinder oils in high pressure 
steam, etc. Grave dangers attend the use of oils with too low an 
ignition temperature, or, to use the commercial term, too low a 

(flash point. The flash point of an oil is defined as “the temperature 
at which the oil gives off sufficient vapour to form a momentary flash 
when a small flame is brought near to surface.” The apparatus shown 
in Fig. 292 is a convenient way of performing the test. A beaker is fitted 
with a cork, having a hole in its centre. A thermometer and two electrodes 
are also fitted in the^cork. The tips of the electrodes are about 5 or 10 mm. 
apart. The beaker is fixed in a water-bath ; the central hole in the cork 
is covered with a glass plate ; the temperature of the bath is gradually 
raised, and sparks are sent across the wires by connecting the wires with 
an induction coil and accumulator, when the temperature reaches the flash 
point, the glass plate is lifted up by;a small explosion. The temperature 
indicated by the thermometer is the fl^ash point of the oil Slightly different 
“ flash points ” are obtained by different methods of applying the test* 

\ '' A ''. 2 a ' 
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It lias been found necessary to legislate against the use of Kerosene, 
petroleum, etc., with a flash point below a certain prescribed temperature, 
which is not the same in different countries: 44° C. or 111° F. is about 
the average. The flash point of petrol is low, but the ignition temperature 
is high. It is difficult to deteimine the exact ignition temperature of 
gases because the ignition temperature is conditioned by the temperature 
and pressure of the gas ; the rate at which heat is conducted away from 
the seat of the reaction, etc. Numbers vaiying from 500° to 845° have 
been iiublished for the ignition point of electrolytic gas. 

§ 6. Explosions. 

In ignitable explosives, temperature ia in equilibrium with the chemical 
structure of the molecule so that when more than a certain amount of 
thermal energy is introduced, per unit of mass, the instability of equili- 
brium appears most spectacularly in violence of explosion. — S, A, Eeeve. 

From the preceding section, it will appear that there is no real line of 
demarcation between rapid combustion and an explosive combustion. 
The speed of the explosion is determined by the rate at which the process 
of combustion, initiated at one point, travels through the mixture. Careful 
measurements indicate that the explosion of gaseous mixtures have 
this peculiarity : the speed of explosive combustion increases rapidly 
from its point of origin until it has attained a maximum speed, 
after that, the explosion travels with the uniform maximum speed. 
The maximum speed has a specific value for each explosive mixture under 
definite conditions. This constant is called the velocity of the explosion 
or detonation wave. If a mixture of gases explodes under such con- 
ditions that the explosion wave is inaugurated, the explosion will be far 
more violent than if it occurred under such conditions that the explosion 
wave was not established. The explosion wave, at top speed, travels 
seven or eight times as fast as sound in the same gas. according to 

H. B. Dixon (1893) : 

2 CO+Oj CH4+3O8 

Explosion wave . . . 2810 1089 2287 metres per sec. 

Sound wave . . . . 514 328 345 metres per sec. 

According to P. Eitner (1901), if air be mixed with less than 9*45 per 
cent, or more than 66*40 per cent, of hydrogen an explosion wiE not take 
place, but if the amount of hydrogen is between 9*45 and 66*40 per cent, 
explosion will take place. Similarly, for other gases, H, Bunte and P. 
Eitner (1904) found : 


Table LVIII. — Pebcentage Volume of Gas required fob an Explosive 
Mixture with Air. 


Gas. 

Lower explosive 
limit per cent, 
of gas. 

upper explosive 
limit per cent, 
of gas. 

Range between 
the two limits per 
cent, of gas. 

Carbon monoxide . . 

16*50 

74*96 

68*46 

Hydrogen . . , . 

9*46 

68*40 

57*96 

'Water gas » . ^ 

12 * 40 " 

66*76 

54*36 

Acetylene . /. ,■ 

■; 

' 62*30 

48*96 

Coal gas . . 


19*10 

11*20 

Ethylene , . . ^ . .. 

4*10 

14-60 

10*60 

' Marsh gas . . . ' . 


12*80 

6*70 
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Fig. 294.-- >Gas E:spiosion, 




THe numbers obtained by different * methods of ignition, etc., vary 
a few per cent. The appearance of great accuracy conveyed by the two 

decimals is- illusive. , The^ figures 

would probably have been as ac- 
curate if /expressed , to the nearest 
whole number. 

■ Finely ■ ' divided coal ■ dust or 
carbon form explosive mixtures 
with air or oxygen, and serious ex- 
plosions have occurred in several 
factories in which finely divided 
organic matter — charcoal, coal, 
flour, etc.*— -suspended in the air has 
been ignited. The explosion varies 
in intensity with the amount and 
fineness of the dust. To illustrate 
the explosion of mixtures of oxidiz- 
able solids with air, spread a half 
centimetre layer of fine willow char- 
coal at the bottom of a stout 500 
o.e. gas jar, Fig. 293 ; and direct 
a stream of oxygen into the jar so that the current of gas stirs up the char- 
coal and fills the cylinder with a dust-laden atmosphere of oxygen. The 
mixture explodes when a light is applied at the mouth of the cylinder. 
Similar explosive results can be obtained with the dust of finely divided 
metallic iron^ aluminium, or zinc. The explosion is here so brilliant that 
coloured goggles should be used by the operator. 

§ 7. The Safety Lamp. Flame Caps. 

The safety lamp of Davy is a very beautiful application of a great discovery 
in science to the purposes of humanity. — K. Hunt. 

A stout glass tube B, Fig. 294, about 3 cm. diameter and 60 cm. long, 
is fitted at one end A with a perforated rubber stopper and bent glass tube ; 
the other end is fitted with a 
perforated stopper and copper fl 

tube G about 6 mm. in diameter 
and 30 cm. long. The tube is 
clamped to make an angle of 
about 30*^ with the horizontal. 

Fill the tube with coal gas by 
connecting C with the gas 
supply; light the gas at C 
and remove the stopper' at .4. 

Air enters at A and makes an 
explosive mixture of air and 
gas in the tube. The flame at 
0 will retreat down the G tube and explode the gas in B. Repeat the 
experiment using a copper tube 3 mm. in diameter at G, The flame will 
extinguished in C before it reaches the gas in B, ^ That B does contain 

1 A Kttle adjustment is needed in getting the right angle for a successful 
experiment. , ^ . 
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an explosive mixture of air and gas can be sHown by applying a lighted 
taper at A, Consequently the flame is cooled below the ignition tem- 
perature of the mixture, during its passage down the narrower copper 
tube ; but not wi;^ the wider copper tube. 

Resuming the"" subject of ignition temperatures opened on p. 908, 
fix a piece of wire gauze over an unlighted Bunsen's burner, turn on 
the gas, bring a lighted taper above the gauze, the gas above the gauze 
is ignited, but the fiame does not pass through the gauze, Rig. 295. Com 
versely, if the gas be ignited below the gauze, the flame will not pass 
through, although the passage of inflammable gas through the gauze can 
be demonstrated by bringing a lighted taper above the gauze. If the gauze 
be heated red hot, the flame will pass tlirough and burn on both sides. 

Experiments not unlike these, led Humphry Davy, in 1815, to the 
idea of “ flame sieves,” and finally to the “ safety lamp for miners.” In 
Davy’s safety lamp, Eig. 296, an oil lamp is surrounded by a cylinder — 
1| inches in diameter, and 6 inches high — made of iron wire gauze, having 
28 meshes per linear inch. The 
cylinder is closed at the top with 
a double layer of gauze A, Eig. 

296. The lamp is provided with 
a screw lock to prevent it being 
opened in the mine, and there is 
a ring at the top to allow the 





Fig. 296. — ^Effect of Wire 
Gauze on Flame. 


Fig. 296. — Safety Lamps (old and new). 


lamp to be carried or suspended. The lamp is ventilated by air passing 
through the mesh of the gauze near the flame. The air impinges on the 
flame, and the products of combustion escape through the gauze in the 
upper part of the cylinder. When such a lamp is taken into an atmosphere 
containing a mixture of marsh gas and air, the explosive mixture passes 
through the gauze and is ignited inside the cylinder. The cylinder may (but 
should not) be heated rSl-hot by the combustion of the explosive gases 
inside. The flame, however, is unable to pass through the gauze and ignite 
the mixture outside the cylinder. The gauze acts as a flame sieve ” ; it 
permits a free passage of gas, air, and light, but it obstructs the passage 
of the flame. Eiior to the invention of Davy’s lamp, the risk of explo- 
sion in “ fiery mines ” was veiy serious ; and two notable attempts — ^by 
O. Stephenson, and W. B, Clanny*— -had previously been made to deal with 
the trouble. The Davy lamp considerably lessened the danger, although 
it was not fool-proof, and, as might have been anticipated, it sometimes 
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caused explosions :whicli would otherwise, not .have oceurred. because' .it, 
led miners to take risks in dangerous atmospheres. Mr. Buddie, one of the 
first .users of pa%^,’s lamp,', in a Report on -Accidents in Mines ' (1835), 
.stated,, mfef .I' „ 

I first tried it m aa explosive mixture on the surface, and then took it into a 
mine | and, to my astonishment and delight, it is impossible for me to express my 
feelings at the time when I first suspended the lamp in the mine and saw it red 
hot ; if it had been a monster destroyed, I could not have felt more exultation 
than, I did. 

If the gauze should happen to be heated locally above the ignition 
temperature of the mixture outside ; or if the lamp is exposed in a strong 
current of air, say, a ventilating shaft, or a “ wave” of air sometimes 
generated in the operations of blasting, the flame may be driven through the 
meshes of the gauze. Considerable improvements have been made on 
the original Davy's lamp, A, Fig. 296. The modern forms of safety lamp 
—e.g.J, B, Marsaiit's lamp, B, Fig. 296 — -allow the lamp to be used under 
conditions of great danger with a minimum risk of igniting an explosive 
mixture of firedamp and air. The old Davy’s safety lamp is obsolete. It 
gives a very poor illumination owing to the obstruction ofiered by the wire 
gauze, and the flame may be forced through the gauze w^hen the current of 
air exceeds 5 feet per second, and in modern mines, the air in some parts 
of the rapid ventilating roads may attain 20 to 30 feet per second. 

The appearance of the flame of the safety lamp depends upon the illumi- 
nant and on the amount of firedamp present in the atm6sj)here of the mine. 
The first noticeable efiect of firedamp is a slight flickering or “ jumping ” 
of the flame ; as the amount of firedamp increases, the flame becomes more 
and more elongated and smoky until it stretches upwards to the gauze of 
the lamp as a long thin smoking column. The flame may then leave the 
wick and burn in the upper part of the gauze with a faint bluish light — 
called by the miners “ corpse-light ” ; or the flame may be extinguished. 

The peculiar appearance of the flame is due to the formation of an 
aureole, or flame-cap of burning firedamp which surrounds the flame 
proper. The flame-cap is transparent and non-luminous by contrast with 
the bright flame of the lamp itself. To make it visible, the flame, burning 



, 2%C//^ 3%c/f^ 

Fig. 297, — Flame-caps — ^Whalley and Fig, 298. — Eflect of Methane on 
Tweedie. Length of Flame -caps — Whalley 

and Tweedie. 

from a well-trimmed wick, is “ pulled down as low as possible until a clear 
blue aureole entirely sun-ounds a small luminous yellow spot of light, and 
the flame extends right across the wick, , This may be called the standard 
flame. E. B. Whalley and W. M. Tweedie (1910) found that with “ wMte 
rose paraffin oil, the first indications of firedamp occur when about one 



^ Or with a glass tube connected with a Bunsen^s burner* 
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per cent, of the gas is present. A very faint cap, without visible tip 

is then Just visible ; with two per cent, of hredamp, the tip of the cap is 
Just visiblCj and the cap has increased in length ; the length increases 
slowdy when between 2 and 3 per cent, of firedamp is present ; the increase 
in length is rapid between 3 and 4 per cent, of firedamp ; and stil more 
rapid between 4 and 5 per cent, when the fiame ‘ spires up the 
top of the gauze. The appearance of the aureole or fiame-cap with these 
different amounts of firedamp is indicated in Fig. 297 ; and a graph of 
the experimen.tai results in Fig. 298. It is now possible to form a very fair 
estimate of the amount of marsh ga^ in the mine air from the elongation 
of the flame by using illuminants, etc., standardized in atmospheres con- 
taining definite proportions of marsh gas. The method is daily used in 

coal mines for detecting dangerous amounts of firedamp. 

§ 8, The Relation between the Combustible and the Supporter of 
Combustion. 

It has been found convenient in our previous studies to call the burnmg 
substance the combustible, and the atmosphere surrountog the burnmg 
substance the supporter of combustion. Under ordinary conditions 
the atmosphere is the enveloping medium, and the terms “ combustible 
and ‘‘ incombustible,” without further amplification, refer to the burning 
or non-burning of substances in air. Conventionally too, other gases are 

said to be supporters or non-supporters 
of combustion if they behave towards 
ordinary combustiMes like air. These 
terms, however, are purely conventional 
.because, from the chemical point of 
view, it is a matter of indifference 
whether coal gas burns in air, or air 
in coal gas. If the atmosphere be coal 
gas, the fiame must be fed^^^^ M atmo^ 
spheric air. In this case, the meaning 
of the conventional terms is reversed, 
for air is then the combustible, and coal 
gas the supporter of combustion. 
There are several ways of showing this 
reversed or reciprocal combustion, as 
it is called. 

An ordinary lamp cylinder*—^, Fig. 
299-“may be closed at one end with a 
cork perforated to fit over a Bunsens 
burner, ^ B, and also with a hole in which 
a glass tube 0 — ^about 10 cm. long and 1 
cm. diameter is fitted. The top of the 

-Eeoiprocal Combiistion. cyK^der is covered with a sheet of 
asbestos B — 6 or 7 cm. square, and 
perforated with a round hde about 2 cm. diameter. The air holes 
of the Bunsen's burner are closed ; the gas is turned on and the 
opening in the asbestos is closed by laying a piece of cardboard loosely 
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on the' hole. In a few minutes, the apparatus will be filled with coal gas. 
Light the '.gas as it issues from 0, and simuitaneousiy remove the card- 
board' which was closing the hole in the- asbestos. ■ 'The flame. wffl pass up,, 
the tube drawing the air after it, , The upward current .of gas 'causes -an 
■ upward „:current of air in the, tube 0 which burns with a feebly himinoiis 
flame IH; the atmosphere of coal gas, , The excess of coal gas issuing .from the 
opening in the'asbestos may be ignited, and the two.fiames show air burning 
in coal gas, and coal gas burning in air. ■ By modifying the aiTaiigement,- 
Fig. 299, it is easy to show hydrogen and marsh gas supporters of com- 
bustion, and oxygen, chlorine, and nitrous oxide as combustibles, 

§ 9. The Structure of Flame. 

Burning is not a separation of a special fire-matter, but is a glowing condition 
of volatile bodies. — J. B. van Helmont (1640). 

Is not fiame a vapour, fume, or exhalation heated red-hot — that is so hot as 
to fume ? Metals do not flame because they lack a copious fume, — Isaac 
Newton (1701). 

The development of flame during combustion is quite an accidental 
feature. Iron burning in oxygen gives no perceptible fiame. The intense 
light is due to the incandescent solid. Similar remarks apply generally 
to the combustion of solids which are not volatilized at the temperature 
i developed during combustion. For this reason, also, copper, carbon,^ 
ietc,, do not usually show any appreciable flame. On the .other hand, 
phosphorus, sulphur, bitumen, fat, wax, etc., biu^n-Asdtb . a,_fl becau se 
thes e solids are vol at ilized at the temnerature of combustio n. 
"^TEeTEmToFm^ dl^lSr^mbustibie gasS Sas quit^^ characteristic 
appearance — sulphur burns in air with a lavender blue flame | burning 
hydrogen is scarcely visible in bright daylight, provided the ga.s and air are 
free from dust ; carbon monoxide has a rich blue flame, silicon hydride a 
pale green flame, the cyanogen flame has a delicate pink tinge, acetylene 
bums with a highly luminous yellowish flame, while marsh gas burns 
with a feebly luminous yellowish flame. 

It will be obvious that when a stream of gas issues from a tube, the gas 
can only burn at its surface of contact with the air. The shape of the 
fiame, issuing from, say, a circular jet, is due to the fact that as the gas 
issues from the jet, a ring of gas, so to speak, next to the tube burns first ; 
before any more gas can come in contact with the air and burn, it must 
rise past the first ring of fiame, and each successive layer of gas has to pass 
higher and higher before it can find the supply of air necessary for com- 
bustion. The flame thus assumes the form of a cone. Of course there 
are no real rings of gas,” but this mode of expression helps us to under- 
stand the phenomenon. The upward direction of the flame, even if the 
gas be directed horizontally or downwards, is due to the increased buoyancy 
of the hot air in immediate contact with the flame producing a strong 
upward current of air, and not, as was once suggested, to the ‘‘ affinity of 
the heavens ” drawing the flame upwards. The particular shape of the 
flame is also conditioned by the pressure behind the gas issuing from the 
tube, and on the character of the jet — e.g. the so-calied bat’s wings,” and 
fish-tail ” burners. 

^ If carbon burns to carbon monoxide, and then to dioxide, fiame may be 
produced by the burning carbon monoxide. 
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The interior of the flame which does not come in contact with 
the air is comparatively cold unburnt gas. Numerous experiments have 
been devised to show this. For instance: 

(1) Cross sections of the flame can be shown by depressing^ thin sheets of 
asbktos paper (say, 16 cm. square) for a few moments on the flame of, say,^ a 
dtouobwb p po V 'i Bunsen’s burner protected from draughts. 

The hotter portions *of the flame where the 
gases are burning char the paper,^ producing 
a dark ring when the paper is held hori- 
zontally, Fig. 300, B; and a more or less 
elongated cone if the paper be held vertically 
in the flame A, Fig. 300. The particular 
“ flame figure ’’ produced depends on the 
part of the flame in which the paper is held : 

N. Teclu (1891). 

(2) A narrow glass tube — say ZO—oO cm. 
long—beld in the centre of the flame wiU 
draw off a portion of the unburnt gas from the interior, and the unburnt gas can 
be lighted at the end of the tube — Fig. 301. . z. u j. 

(1) A pin pushed at right angles through the ^ 

the tip of the match 
to be supported about 
3 cm. above the jet of, 
say, a Bunsen’s burner. 
The gas can be lighted. 
The match will remain 
in the centre of the 
flame without inflam* 
ing,^^^^ T^ experiment 
can be modified by 
thrusting the match 
into the centre of the 
flame as illustrated in 

The preceding 
experiment can be 
modified by connect- 
l'", 'ing'. a',;: 6-7' ^eni. -^funnel '■ 

I •■'■■with the:.::gas "■supply ■■ as ' 
j ■ ^■■il!ustrate^d"iii''Fig.y303.' ■■ 

I The broad mouth of 
the;', 'funnel ' is ■covered'- ■', 
•'■. ■ with/'^a,:'::pfece'':'''of,''; fine'^; 
copper or brass wire 
gauze. A small conical 
heap of gunpowder {l| cm. base) is placed on the middle of the gauze.^ The 
gas is turned on, and a lighted taper slowly depressed from above downwards 
to the funnel until the gas is ignited. The gunpowder remains on the gauze 
tmconsumed. Ordinary matches can be thrust through the flame and laid on 
the heap of gunpowder without being ignited. 

Single mantled flames. — The nature of the chemical actions which occur 
in the flame during the burning of gases like hydrogen in air and in chlorine 
are probably much simpler than is the case with gases like methane, 
ethylene, and acetylene, for the latter form complex decomposition pro- 

^ Grease or oil is used in making the asbestos paper. Well-glazed white 
writing paper can also be used. The upper side of the paper can also be dusted 
with red mercuric iodide. This turns yellow where the flame is hottest. Copper 
foil also furnishes an interesting modification of the experiment. 

® Gunpowder must not be placed on the hot wire gauze, and it must be kept 
in a compact heap so that no particles are scattered about. 
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ducts. This is evidenced to some extent by the stnicture of the hydrogen 
flarme. In the former case, the flame is a cone with a uniform sheath of 
the burning gas as is ilustrated in Fig. 304. 

The interior cone contains unbumt gas. 

A section is shown at Fig. 300. 

Double mantled flames. — The flame 
of cyanogen has an inner rose-coloured 
mantle with an outer bluish sheath. The 
carbon is oxidized to carbon monoxide in 
the inner mantle, and to carbon dioxide 
in the outer mantle. The nitrogen re- 
mains practically unoxidized. The flame 


Fig, 303. — Hollowness of Flame. 


Fig, 305. — Candle Flame. 


Fig. 30^, — Hydi'ogen Flame. 


furnish double sheathed flames — ^Figs, 305, 307. The inner mantle is bright 
yellow, more or less opaque and luminous j the outer mantle is but faintly 
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Flames of Coal Gas, 


Space containing nnbumt gas. The small central cone also contains nn- 
bumt gas. 

Smitheils’ flame separator. — A. Smlthells has designed an apparatus 
(1891), which illustrates in an interesting manner the presence of the 
two mantles in an ordinary coal gas flame. The apparatus consists 
.of two co-axial tubes A and Fig. 308. The outer wider tube is shorter 
than the inner tube and fitted with a rubber union 0, and a bra^ clip 
to permit the outer tube to be slid up and down. The upper ends of 
the co**axiai tubes are fitted one with a mica D and the other with an 
aluinmium B cylinder. The narrower tube is clamped over an unlighted 
Bunsen’s burner and a loose packing of cotton wool F placed between the 
burner and the glass tube. Adjust the tops of the co-axial tubes at the 
same level. Close the air holes of the Bunsen’s burner ; turn on the gas, 

^ H the wick does not curl, it is liable to project into the inner con© of the 
fiam© as the wax is consumed j and thus interfere with the proper combustion of 
the candle. 
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luminous. In addition, there is a bluish non-Iuminous zone of incomplete 
combustion at the buvse of the flame. With the fiame of oil iainps and 
candies, the hydrocarbons are drawn up the wick by capillary action and 
vaporized near the top of the wick ; in the case of a candle, the wax is 
melted by the heat of the fiame. The wick is so plaited that it curls over 
and exposes the tip to the air. The tip of the wick is thus gradually 
burnt, and snuffing ” is not needed. ^ 

When the fiame of gas is gradually lowered, the inner luminous sheath 
gradually decreases in size, and finally disappears, at the same time, the 
blue region of incomplete combustion at the base becomes continuous 
right across the fiame, Fig. 307. It is probable that the blue portion 
represents unburnt gas. Between the flame and the burner there is a 
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light the gas at the top of the outer tube. The gas' bums with the usual 

iumiiioiis coal gas iame. Gradually open the air holes of the burner 

until the flame appears non-luminous. . Slide 

the outer tube upwards, and the two-coned 
structure of the flame will be obvious, for 
the outer cone ascends with the wide tube, 
while the inner cone, after the tube has been 
pushed upwards about 10 cm., remains burn- 
ing at the top of the inner tube. 

§ 10. The Nature of the Chemical 
Reactions in Flames. 

The chemical reactions which occur in the 
flames of burning hydrocarbons have not 
been satisfactorily elucidated, although a little 
is known. Tapping the gases from different 
parts of the flame by means of platinum or 
porcelain tubes connected with an aspirator, 
is not very satisfactory because of the changed 
conditions arising when the reactions take 
place in contact with solids. Hence, the 
proof that the flame of burning hydrogen 
sulphide contains free sulphur ; and that the 
luminous mantle of burning hydrocarbons 
contains free carbon, because a cold dish held 
in the flame receives a deposit of the respective solids, is quite unsatis* 
factory. It is conceivable that the hydrogen sulphide flame contains 
free sulphur, and the hydrocarbon flame free carbon when cold porcelain 
is held in these flames, but not when this disturbing agent is absent ; we 
therefore prefer demonstrations with methods which do not interfere with 
the flame itself. 

1. The inner cone.— If the flame of coal gas or of a candle be placed 
between a strong light and a screen, the luminous portion of the flame 
throws a dark shadow on the screen, and if the flame be made to smoke, 
the shadow of the luminous portion extends into the shadow cast by the 
smoke. This test for solid matter in flames is called J. L. Soret’s optical test 
(1875), and is generally taken to prove that free carbon is present in the 
luminous portion of the flame of a hydrocarbon gas because the flame in the 
non-luminous portion gives no shadow, nor do the flames of carbon disul- 
phide, phosphorus, and other gases wliich are known to contain no solid 
matter. The temperature of the inner cone of unbumt gas is raised by heat 
radiated from the surrounding mantles of burning gas. It is known that 
when certain hydrocarbon gases are heated in the absence of air, free carbon 
and dense hydrocarbons — e,^, acetylene — are formed.^ Acetylene, for 
instance, is formed. This can be shown by burning air in coal gas 

^ According to V. B. Lewes {1895} at temperatures between 800® and 1000® 
part of the ethylene decomposes into acetylene and methane : 2 O 2 H 2 + 

2 CH 4 along with other more complex hydrooarbons^ — ^naphthalene and benzene, 
Above 1200®, methane, ethylene, acetylene, are decomposed into carbon and 
hydrogen. 
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3 >t the ordinary flame turned inside ont, so to speak, when 
.ow on the outer surface of the flame, is readily drawn off 

■ into, the atmosphere of .coal gas, 

and afterwards precipitated by 
passing the gases through a solu- 
tion of cuprous chloride (p. 856), 
as illustrated in Fig. 309. 

If the flame be chilled, there 
is a considerable diminution in 

a the luminosity, so much so that 

flame becomes practically 
non-Wnous. This is well iTus- 


Fio. 310. Fig. 311. 

Luminosity of Flames. 

gradually increasing the amount of carbon dioxide, the luminosity of the 
flame can be reduced until it .finally becomes blue. If the diluting gas 

^ The platinum tube, of course, should be heated before the test is made to 
burn 0^ the dust, volatilize the sodium chloride, etc- 
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foe heated, by beating the tube, B, the luminosity of the dame, is' restored. 
This all seems as if the high temperature flame favours the decomposition 
of the hydrocarbons in the inner cone into free carbon, etc., and that the 
free carbon adds to the luminosity of the flame. ^ Hence it is assumed 
that in the innermost cone the uriburnt hydrocarbons are partly decomposed, 
at the high temperature of the inner mantle, into free carbon, acetylene, and 
other hydrocarbons, 

2. The inner' mantle. — The result .of the analysis of gases in this 
zone shows that carbon monoxide, hydrogen, carbon dioxide, and water 
are present.® The little oxygen which can penetrate to the vicinity of 
the innermost cone oxidizes the hydrocarbons in such a way that carbon 
monoxide and hydrogen gases still remain imburnt. The idea can be 
gathered from the equations : 

C 2 H 4 + 02 = 2C0 4- 2 H 2 ; and C 2 H 2 + 0^ = 200 4* Hg 

No free oxygen has been detected in this part of the flame. That which 




Fig, 312, — ^Luminosity of Flames. Fig. 313. — ^Haber^s Flame 

Experiment 

does penetrate into this region is used in oxidizing the two unburnt gases. 
The oxygen distributes itself so that the gases carbon monoxide, water, 
hydrogen, and carbon dioxide are in equilibrium (see p. 876) : 

COd-HgO^Ha + COa 

When this deduction was tested experimentally by F. Haber, the gases 
were drawn from the space between the inner and outer mantles of the 
flames of coal gas burning in a Smithells’ flame separator fitted with a 
side tubulure connected with a double-walled water-cooled platinum 
tube, A (Fig. 313). Hence, whatever view be taken of the nature of the 
chemical process in the inner mantle, the net result of the reactions leads 

^ The flame of coal gas burning in oxygen is much reduced in size; the 
luminosity is increased ; and there is not sufficient carbon present to show an 
appreciable shadow. ' 

® Also nitrogen, of course. This is derived from the atmospheric air. Every 
one volume of oxygen, it will be remembered, is accompanied by four volumes of 
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to the conoiusion : In the inner muntle, the hydrocarbom are oxidized, to 
carbon monoxide and hydrogen gases, and these gases are in equilibrium 
with the carbon dioxide and water, formed ai the same: time. The relative 
amount of each gas present is determined by the temperature. 

It was once taught by M. Faraday (1853) and others that when a gas like 
ethylene — — ^is burnt, the hydrogen burns first and the carbon after- 
w^ards. As H, B. Dixon has expressed the idea : “ There is a race for the 
oxygen of the air between the two constituents of ethylene, and the hydro- 
gen being the fleeter of the two, gets to the oxygen first and is burnt to 
water,’’ H. B. Dixon (1893), W. A, Bone and J. C. Cain (1897), and C. M. 
Kersten (1861) have verified the old observation of J. Dalton (1810) : that 
when a mixture of acetylene or ethylene is detonated with insufficient 
ox3^gen to burn ail the hydrogen and carbon, carbon monoxide and hydro* 
gen are formed, roughly according to the equation ; C2H4 4- O2 = 200 
+ 2H2 ; and CgHg + Og = 2CO + Hg. This certainly makes it wpear 
that the carbon burns to carbon monoxide before the hydrogen. Hence 
the idea of a selective or preferential combustion. It seems as if nearly all 
the carbon is first oxidized to carbon monoxide, and the excess of oxygen, 
if any, divides itself between the carbon monoxide and hydrogen as 
indicated above. 

It is not yet quite clear what really does take place at the temperature 
of the hydrocarbon flame. There are many reasons for assuming that at 
rather lower temperatures, the oxidation takes place in a series of “ steps ” 
without any liberation of free carbon or free hydrogen at any stage of the 
process. W. A. Bone heated a mixture of ffiflerent hydrocarbons with 
oxygen at a temperature such that neither carbon monoxide nor hydrogen 
were oxidized with appreciable velocity, nor the steam reduced by carbon. 
The experiment was arranged so that the gases were circulated alternately 
through a hot zone and through a washing apparatus for removing con- 
densible or soluble intermediate products of oxidation. The results showed 
that the oxidation is a complex process. One example will suffice. 
According to Bone, the oxidation of ethylene probably takes place in the 
series of stages represented by the following equations : 

Vinyl alcohol. Formaldehyde, Formic acid. 

2C2H4 -f Og 2C2H3OH 4H.CHO 

2H,CHO + Og 2H.COOH 2CO + 2H.0 
2H.C00H + Oa 2COa -f 2HgO 
2C0 + 03->2C02 

because all but the vinyl alcohol have been detected among the products 
of the oxidation. The initial and end stages of the reaction are represented : 
C2H4 -f 30a = 2COa 4" SHgO. As indicated when discussing slow oxida- 
tion, it is highly probable that during the oxidation of hydrocarbons and 
related materials in slow “ natural ” decay, p. 904, a very complex series of 

humic ” compounds are formed before the flnal products — carbon dioxide 
and water — ^appear. Amorphous carbon, when exposed to air in the 
presence of alkalies at 120°-15()® give red and dark brown colloidal 
solutions, and is oxidized to alkali formate and oxalate, and finally the 
carbonate. The experiments of Bone on the oxidation of hydrocarbons 
at rather higher temperatures, lead us to suppose that the reactions are 
somewhat simpler ; and at the still higher temperature of the flame, the 
reactions are, in all probability, simpler still. 
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■ 3* Tlie outer mautle.— -If everything be properly adjusted there is 
ample oxygen in contact with the outer mantle to oxidize all the carbon 
monoxide and hydrogen formed in the inner mantle ; 2CO 4- Og == 2 CO 2 ? 
and 2 H 2 ,"f-, O 2 ==' 2 H 2 O.. This part of the flame is chilled by the^ surround- 
ing air. If the gas issues from a jet at an excessive pressure, the air may 
not have time to oxidize all the carbon (smoke), h^xlrogeii, carbon mon- 
oxide, and hydrocarbons. The gases, in consequence, are cooled before 
oxidation in the outer mantle is completed. Indeed, it is difficult to ensure 
complete oxidation because the cold air in contact with the flame lowers 
the temperature of the gases so quickly that a little hydrogen and carbon 
monoxide sometimes escape oxidation, and hence, traces of these gases are 
often found among the products of combustion. With a properly adjusted 
flame, m the outer mantle^ the carbon monoxide ami hydrogen formed in ike 
inner mantle are comjpletely oxidized respectively to carbo7i dioxide and ■water. 

Surface combustion. — ^Most surfaces can accelerate the speed of com- 
bustion of gases, and often gases will burn in contact with the surface of 
various substances at temperatures below the ignition point. The contact 
catalytic action is dependent upon the chemical nature and physical texture 
of the surface. In the case of coal gas, for instance, the surface appears 
to be activated ” ; the stimulating action of the surface appears to be 
related with its power of absorbing one or both the reacting gases. The 
incandescent surface plays a specific role in the surface combustion for, 
as stated by W. A, Bone (1917), ‘it galvanizes the dormant affinities 
between the combustible gases and oxygen so that the stately minute of 
ordinary combustion gives place to the wild intoxication of the Venusberg.*’ 
In the so-oaUed surface combustion, a mixture of coal gas and air, in the 
right proportions for perfect combustion, is forced through a porous 
refractory material like coarse-grained firebrick or bauxite, etc. ; the 
ignited material gets warm and finally incandescent, owing to combustion 
being confined to the surface of the refractory granules. A large amount of 
heat is radiated from the surface, and a high temperature can be localized 
in or concentrated where it is required. The process has been used for 
cooking and for various industrial operations. 

§ 11. The Luminosity of Flames, 

A general explanation of the cause of the luminosity of flames is not 
known. Pure hydrogen burning in dust-free air is almost invisible even 
in a dark room, ^though the interior of the flame is slightly green, and the 
external sheath violet- blue. The hydrogen flame becomes luminous if the 
gas be passed through a tube containing a plug of cotton wool saturated 
with benzene. The experiment is usually made by connecting a U-tube 
with the tube delivering the hydrogen. In Pig. 314 the hydrogen is 
delivered by a Kipp’s apparatus, and the gas is dried in a tower of calcium 
chloride, C, In one leg, A, of the U-tube is the plug of cotton wool. 
Both legs of the U-tube are fitted with jets — preferably fish-tail tips. When 
ail the air is expelled from both legs of the U-tube, light the gas at both 
jets. The characteristic hydrogen flame appears on one leg, and the 
luminous “ carburetted flame ” oh the other leg. A non-luminous Bun- 
sen’s flame can be made luminous by passing particles of carbon through 
the flame, say, by rubbing two piecesibf charcoal together near the air holes 
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of the Bunsen’s burner ; or by causing the air which passes through the 
air holes to pass over finely divided carbon — say lampblack from turpen- 
tine ; or the hydrocarbon gases from a burning candle (Fig. 315) can be 
tapped and led into one of the air holes of the Bunsen’s burner adjusted to 


bum with a non-luniinous flame. When the hydrocarbons are passing 
through the flame, the flame is luminous. If alcohol is boiled in a flask and 
the vapour ignited at the mouth of the flask, a pale blue flame is obtained. 
If a jet of chlorine gas be passed through the flame into the flask, the 
phlorine gas is ignited* and it burns with a luminous flame (Fig. 316), 

The particles of carbon which separate 
|Y\ rise into the alcohol flame and make it 

luminous. 

Incandescent mantles. — ^In Welsbach’s 
\ burner, the flame is non-iuminous like an 

m ordinary Bunsen’s burner. The Welsbach’s 

jl m mantle is hung so that it is heated by the 

1 1 Um burning gas. The mantle becomes incan- 

lll lL ^ descent. The mantles are made by satur- 

ating woven cotton fabrics with a mixture 
of, say, 99 per cent, thoria and 1 per eentt 
ceria. The mixed nitrates are dissolved in 
water. The cotton fabric retains some of 
the salts in its pores. The cotton is then 
allowed to dry and burnt ofi: in a stove ; at 
the same time, the nitrates are transformed 
into oxides. The mantle is hardened and 
shaped in the blowpipe flame, and the result 
is a kind of fragile pottery whdoh ' retains the form and shape of the 
original fabric. It would be too fragile for transit. It is therefore 
dipped in collodion and dried. The collodion is burnt ofl the first time 
the mantle is placed in position, and it: is no longer to be carried about. 
The incandescent or light-emitting 'power of the mantle is somewhat 
sensitive to , variations in the coni^^ mixture of earths. 
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With the above-named mixture, the light has ten times the, iliuminating 
power of a hat fianie burner using the same amount of gas. 

If the proportion of thoria to eeria in the ash of the mantle varies vc^sry imich 
from 99 to 98 per cent of thoria and 1 to 2 per cent, of ceria, the luminosity of 
the mantle is reduced. If a greater proportion of ceria be present, the diminished 
luminosity is said to be due to the fact that the mantle cannot all be raised by 
the flame to Ml incandescence. Thoria and ceria alone give ver^y little light. If 
a minute quantity of ceria be distributed over the poor heat conducting thoria, 
the mass of ceria is so small that it can be readily heated to the high temperature 
needed for producing an intense incandescence. How the excitant does its work 
is not known. The luminosity of the mantle increases with about the fifth power 
of the temperature. 

Davyds solid-particle theory. — As a result of Ms classical investiga- 
tions on flame, Humphry Davy (1815) was led to suggest that ‘Hlie 
superior light from a stream of coal gas might be owing to a decomposition 
of a part of the gas towards the interior of the flame where the air is in 
smallest quantity, and the deposition of solid carbon, which first by its 
ignition and afterwards by its combustion, increased in a Mgh degree the 
intensity of the light.” And finally, Davy concluded that "whenever a 
flame is remarkably brilliant or dense (opaque) it may always be concluded 
that some solid matter is produced in it ; on the contrary, when a flame 
is extremely feeble and transparent, it may be inferred that no solid 
matter is formed.” We have seen how carbon can be produced in a hydro- 
carbon flame. Davy’s generalization is not always satisfactory because 
burning phosphorus ; hydrogen phosphide ; carbon disulphide in oxygen 
or in nitric oxide ; hydrogen arsenide ; etc., give luminous flames although 
the temperature of the flame is too high to allow the presence of solid pro- 
ducts of combustion. TMs is confirmed by the fact that these flames 
give no shadows by Soret’s optical test. Consequently, however true 
the solid-particle theory may be for some hydrocarbon flames, it does not 
describe all the story. 

Frankland’s dense hydrocarbon theory, — Davy showed that 
the luminosity of flames is increased by pressure and diminished by rare- 
faction. The violet blue sheath of the 
hydrogen flame becomes green, then 
yklow, orange, and red as the pressure % 
is reduced ; and by increasing the pres- ^ 
sure, the flame becomes luminous. ^ 

B. Brankland (1867) found a direct 
relation between the luminosity of 4 
flames and the pressure. Using thej 
flame of hydrogen burning under a 
pressure of 12 atmospheres, a reduc- 
tion of the pressure to 3 atmospheres, Armos/iheres pr&$su/^. 



diminished the luminosity 99 per cent. Fig. 317.--Influpce of Press-ure on 
as illustrated in Fig. 317. Arguing Luminosity, 

from the fact that luminous flames are 

kn nwri which contain no solids; that dense gases and vapours give 
flames more luminous than gases of low density; and that feebly 
luminous flames become luminous when the surrounding atmosphere is 
compressed, Frankiand inferred that the luminosity of ordinary flames 
such as coal gas is due to the glow of d^nse hydrocarbons rather than to the 


926 


MODERN INORGANIC CHIMSTRY 


presence of solid particles, Lewes considers that the “ dense hydrocarbon ” 
in the flame of coal gas and related gases is acetylene, hence, the so-called 
acetylene theory of luminosity. In the iDarticiiIar case of hydrocarbon 
dames, as interpreted in the preceding section, it does not appear that this 
hypothesis is a complete explanation. When the pressiire of the atmo- 
sphere is altered, the dense hydrocarbons themselves give opaque flames 
containing soli^ matter. The phenomenon is complicated by changes in 
the conditions of equilibrimn of the products of combustion, and it is 
probable that the decomposition of the hydrocarbons in the ‘‘ innermost 
parts of the flame ” is facilitated by increasing the pressure. 

However, it is highly probable that dense vapours, as well as incan- 
descent solids, do produce luminosity. Two distinct effects can be observed 
in burning hydrogen phosphide : a greenish glow due to the oxidation 
of the phosphorus which shows best when the phosphide is largely diluted 
with carbon dioxide; and a yellowish white light best seen when phos-, 
pliorus burns in air or oxygen. This is no doubt due to the glowing of 
phosphorus pentoxide which, although in the state of vapour , can be made 
to emit a yellowish white glow when the temperature has attained a certain 
point. Similar results can be obtained with silicon hydride, but in this 
case the glow is due to solid silica. 

Influence of temperature on luminosity.-— Just as a variation of 
pressure modifies the luminosity of burning gases, so does a variation of 
temperature, as indicated on pp. 920-1. The temperature attained by the 
combustion of gases in oxygen is greater than in air, owing to the absence 
of diluting nitrogen. In consequence, combustibles burn far more bril- 
liantly in oxygen than in air. The flame of carbon disulphide in air is 
nothing like so brilliant as in oxygen ; the flame of hydrogen phosphide 
in air is brilliant, but in oxygen the flame is of dazzling brilliance. Phos- 
phorus burns in chlorine with a far more luminous flame when the chlorine 
is hot than when cold. Carbon monoxide in oxygen burns with a flame 
appreciably luminous. Similarly with flames known to contain solid 
matter. Magnesium and silicon hydride burn far more brightly in oxygen 
than in air. The eflect of increasing the temperature of the gases in a 
non-Iuminous Bunsen’s burner has been previously discussed. 

To summarize : A general explanation of luminosity to cover aU cases 
is wanting. To say that ‘‘ luminosity is caused by the intense vibratory 
motions of the molecules induced by the act of chemical union ’’ is not 
very satisfactory, because it tells us little more than that “flames are 
luminous because they emit a bright light,” until it is shown why the 
“ intense vibratory motions of the molecules ” of many non-luminous 
flames do not give light. In special cases, the luminosity of flames can 
be traced to the “glowing” produced either by the products of com- 
bustion (e.gr. hydrogen phosphides, silicon hydride) or intermediate products 
of combustion (e.g. hydrocarbon flames). The glowing may be due to the 
presence of glowing vapours (e,gr. hydrogen phosphide) or to glowing solid 
matter {e.g. silicon hydride). The luminosity of flames is in general 
increased by raising the temperature or increasing the pressure. 

§ 12. The Bunsen^s Burner. 

1. Structure of the burner.— -The gas burner devised by Robert Bunsen, 
abqut 18^5, will be very familiar:t6 chemistry students. Its construction 


COMBUSTION AND FLAMB^ 


027 


easily understood. Unscrew the burner tube from the base./ The ..burner 
consists of three paits. (1) The base'A, Fig. 318, supplied' with/gas by 
means of, a rubber tube connected with the main.' The 'gas escapes from 
a sm.all opening in. the base,. .which may-.or 'may- not have a screw pin- 
hole. ” nipple. By.lighting the gas issuing. from the base, a lo.ng'thin pencil 
of flame is obtained. (2) The burner tube, B, has a couple "of openings 
'Hear .the' base, and: these., can be closed, partially closec^ or opened .by 
turning the. air regulator. (3) The air' regulator, G, is. a short cylindrical 
tube fitted with holes to correspond with the holes in. the burner" tube* 
There are 'numerous modifications ; that just described may be taken as 
typical. Some are provided with an attachment for forcing in air under 
pressure, forming the so-called blast burners* Beplace the air regulator 
and . burner tube. ' 

2. How the burner does its work.— If the air-holes are closed, an 
ordinary luminous gas flame is obtained. If the air-holes are opened, 
the jet of gas from the small orifice produces a partial vacuum in the neigh- 
bourhood of the jet, and, in consequence, air is drawn into the air-holes, 
and mixes with the gas in the burner tube. The reduction in pressure is 
conveniently shown by closing one of the air-holes wdth a piece of gummed 
paper, and affixing a small manometer, Fig. 319, to the other air-hole by 



Fig. 318. — Parts of Bunsen’s Fig. 319.— -Pressure at Air-holes of 


Burner. ^ 

means of a perforated cork,^ When the manometer is charged with a 
liquid — coloured to enable it to be seen better — and the gas is turned on, 
the movement of the liquid towards the burner shows that the air-holes 
exert a slight suction. When the gas is turned off, the liquid in the 
manometer returns to its former position. 

A certain ratio must exist between the proportion of air and gas in the 
burner tube in order to get the gas to burn quietly with a blue flame — 
the so-called Bunsen^s flame. This is observed by placing the regulator 
in several difierent positions and gradually turning ofl the gas. When 
the air-holes are fully open, and the gas is gradually turned off, a point 
is reached when the flame begins to flicker, and finally strikes back ” 
afterwards burning at the bottom of the tube. As a matter of fact, the 
mixture of air and gas burning in the Bunsen’s burner is explosive wffien 
the gas is burning quietly, the rate at which the flame travels in the 
explosive mixture of air and gas is less than the rate at which gas is issuing 
from the burner; when more air or less gas is introduced, the speed at 
■which the explosive flame can travel is increased ; when the rate of the 
explosive flame and the speed of the gas issuing from the burirar are nearly 
equal the flame reaches the unstable condition ; any further increase in 
the amount of air or decrease in the amouht of gas ^ves an explosive 
^ Or solder a piece of br|,ss tubing to the burner. , , 
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mixture in 'wMcli the explosive flame can travel faster than the issuing gas, 
the flame then “ strikes hack.” This phenomenon is best studied by clamp- 
ing a long tube — 5 or 6 feet long, and about 1| inches wide — vertically 
over a Bunsen’s burner, Fig. 320. Plug the space 
between the Bunsen’s burner and the glass tube with 
cotton wool. Close the air-holes of the former, and 
light the gas (Fig. 320). Gradually remove the cotton 
wool imtil a large blue Bunsen’s flame is obtained. 
Then open the air-holes of the Bunsen’s burner 
gradually, and a point will be reached when the flame 
strikes back ” with a loud though harmless report. 
In the Bunsen’s burner, the proportion of air to 
gas is between 2 and 3 volumes of air per one volume 
of gas, but for complete combustion of the gas, about 
6 volumes of air are needed. If such a mixture were 
sent through an ordinaiy Bunsen’s burner, the flame 
would ‘‘ stiike back ” — ^for the reasons indicated above, 
G. Meker, however, has de- 
signed a burner in which such 
a mixture can be burnt— 

Maker’s burner. From the 
sectional diagram, Fig. 321, 
it will be seen that the air- 
holes are larger than usual, 
and a deep grid hinders the 
flame “ striking back,” Since 
the gas issuing from the burner 
has enough air for complete 
combustion, the flame is 
practically a “ solid cone ” 
of burning gas, and there 
is no ** inner cone of un- Fig. 32 L- 
^ burnt gas.” In conse- 

quence, the temperature of the interior of the flame is rather greater than 
the temperature near the outside. The effect of air on the illuminating 
power of coal gas is illustrated by the following measurements due to Wurtz: 



Fig. 320.— Striking 
back of Bunsen’s 
Flame. 



-Maker’s Burner. 


Air . . . . 

Loss luminosity 


3-0 

16*7 


4*9 

20’8 


11*7 

41*5 


16*2 

67*6 


25*0 per cent. 
84*0 per cent. 


3. Why is the flame non-luminous ? — (a) Oxidation, It was 
formerly taught that the non-luminosity of the Bunsen’s flame was exclu- 
sively due to the influence of the admixed oxj^'gen bringing about rapid 
and complete combustion so that instead of the hydrocarbons decomposing 
in a series of intermediate stages, they were burnt more directly to carbon 
dioxide and water. Experiments by V. B. Lewes on the percentage amount 
of different gases required to produce the non-luminous flame showed that 
one volume of coal gas requireid for the non-luminous flame : 

Mixture of 0 : N 1:0,/ '1:1 1 ; 2 1 ; 3 - 1:6 (air) 

Volume required 0*6 . , , PO 1*5 2*0 2*3 vois. 

This shows that oxygen intimacy mixed with the coal gas exerts an 
oxidizing effect and facilitate rapid combustion. (6) The cooling of the 
flame by different gases. Tlfls, however, is not ah the story. Inert- gases 


COMBUSTION AND FLAME' 


§29 


like nitrogen, carbon dioxide, and steam produce noii-lumiiioiis flames. 
Thus, the following percentage volumes of the gases named were needed 
to make a coal-gas flame non-iuminous : 

Gas . ... Air. Nitrogen. Carbon monoxide. Carbon dioxide. 

Volumes required 2*3 


2*3 


5*1 


1*3 


These facts coupled with the knovni effect of temperature on the luminosity 
of flames, show that the air reduces the luminosity of the Bunsen’s flame 
by chilling the reacting gases, (c) The raising of the temperature of the 
decomposition of coal gas by admissture with inert gases. Lewes has 
shown, other things being equal, that coal gas, when mixed with nitrogen, is 
probably more stable when heated in the inner cone than when nitrogen is 
absent ; and further, a different set of decomposition prodiicts are obtained 
when the hydrocarbons are burned at the higher temperature. Further de- 
tails on the nature of the Bunsen’s flame are indicated in preceding sections. 

4. Oxidizing and reducing flames. — ^The outer mantle of the flame, 
where there is an excess of oxygen, is oxidizing; and the inner region, 
where combustion is not complete, is reducing. This can be confirmed 
by holding a piece of copper wire across different parts of the flame. 
Advantage is taken of this in qualitative analysis where oxidizing and 
reducing “ flame reactions ” furnish valuable 
indications of the composition of a mixture. 

6. The temperature of the Bunsen’s flame. 

— The temperature of different parts of the 
Bunsen’s flame, as recorded by a thermocouple 
inserted in different parts of the flame (C. Fery, 

1903) is shown in Fig. 322. The published de- 
terminations of the maximum temperature of 
the Bunsen’s flame are somewhat discordant. 

The discrepancy arises from the presence of 
several errors in the method used for the de- 
termination. The most satisfactory methods 
show that the maximum temperature is some- 
where between 1800^ and 1870^. Valuable in- 
formation respecting the composition of certain 
mixtures can be obtained by taking advantage 
of the different volatility of salts, and the different 
temperatures of the Bunsen’s flame. For in- 
stance, potassium salts can be volatilized so as 
to give the flame reaction for potassium, before 
the sodium has begun to volatilize, if the mix- 
ture of the two salts be held in the cooler part 
of the Bunsen’s flame near the burner. 

The tem]3erature obtainable by heating a 
small body in a Bunsen’s flame is said to range 
from 1100'’ to 1350'’ ; in a Meker’s flame, from 
1450'’ to 1500'’ ; in a petrol blow-pipe flame, from 1500® to 1600® ; in the 
oxy-hydrogen flame, about 2000® ; in the oxy-acetyiene flame, about 
2400® ; and in the electric arc, about 3500®, 

According to Fery (1904), the flame temp^ature of a Bunsen’s flame, 
fully aerated, is 1871® ; and aocordingio V. B.: Lewes (1895), the maximum 
temperature of a luminous flame is 1^0®, Hence, it might be concluded 



Fia. 322. — ^Temperatures 
of Diflerent Parts of the 
Bunsen’s Flame (F^ry). 



Fig. 323. — Radiation of Heat by Luminous and Non-luminous Flames, 

meterj As Fig. 323, is arranged so that the heat from a Bunsen’s flame, B, 
is concentrated on one of the bulbs by means of a reflector, C\ A rise of 
the temperature of the bulb is shown when the air-holes of the Bunsen’s 
burner are closed and the gas burns with a luminous flame. The diflerence 
between the two flames thus depends on the way the heat is distributed. 
If all the heat in both flames be utilized, the one gives out as much heat 
as the other. The heat of the Bunsen’s flame is more local and concen- 
trated than the heat of the same gas burning with a luminous flame. The 
Bunsen’s flame is therefore best for boiling, etc., where the heat must be 
concentrated on the bottom of a vessel or as locally as possible. The 
Bunsen’s flame, moreover, is not liable to deposit soot on the bottom of 
the vessel being heated and so obstruct the conduction of heat from the 
flame to the vessel. In certain industrial operations the luminous flame 
often gives better results than the non-luminous flame for heating large 
enclosures directly by flame. The non-luminous flame heats more where 
it touches ; the luminous flame radiates heat to its surroundings, and this 
helps to keep the temperature of large enclosures uniform. 


..Questiom. 

1. Assuming exterior conditions , to be the same, which will probably show the 
greater explosive effect, a mixture. ol 500 o,.c. of oxygen and 600 c.e. of hydrogen, 
or a mixture of 300 c.e. of oxygen and 600 c,c. of hydrogen, and why ? — American 

2* BcNSOflbe lecture experlnieni^''fe.’iat iilustrate— {«) that hydrogen burns 
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with a luminous flame when benzene is added to it; (6) that a flame ‘‘strikes 
back” through a tube when a sufficient amount of air is mixed with coal gas ; 
(c) that the interior of the inner cone of a round flame is cool; (d) that oxvgeii 
will burn in coal gas. — Cornell Univ., U.S, A, ' 

3. Give three reasons for the non-luminosity of the flame from a Bunsen’s 
burner. When will such a flame “ strike teack ” ? What causes the kirninositv 
of the ordinary gas flame ? Why does the amount of carbon dioxide in the atmo- 
sphere remain practically the same ? — Cornell Univ,, U.S.A. 

4. : Describe and explain as fully as you can, all the chemical clianges which occur 
in the burning of a deep anthractite coal fire. Explain any differences between 
such a fire and one of bituminous coal. — American Coll, 

5. State Some of the consequences which would conceivably follow if the 
percentage of oxygen in the atmosphere were to increase to double the present 
proportion. Explain your answer, and cite experiments in support of your 
statements,--- OolL 

6. What influence had the phlogistic theory on the progress of chemistry ? 
Why was the anti-phlogistic theory incomplete before the composition of water 
was known ? — Science and Art Dept. 

7. What is a reducing agent ? Name three agents capable of effecting the 
reduction of ferric chloride in aqueous solution, and explain the chemical changes 
involved. By what test could the completion of the reduction be ascertained ? — 
Shefteld Univ. 

8. Write a brief history of the theory of phlogiston with an account of the dis- 
coveries which finally led to its rejection.— Nc^'ence and Art Dept, 

9. would be the effect of heating lead chloride to redness, (a) in a current 
of hydrogen p (5) with potassium carbonate ® (c) with charcoal ? — Owens Coll. 

10. Define the terms reducing and oxidizing agents and give three examples 
of each. Define combustion in (a) the popular and (6) the strictly scientific sense. 
Will air burn ? — Princeton Univ., U.S,A, 

n. Discuss the theories that have been proposed to account for luminous 
combustion. Describe the flames of the following substances and their products 
of combustion, viz. : carbon monoxide, marsh gas, olefiant gas, phosphine, am- 
monia, hydrogen sulphide, and silicon hydride. — London Univ, 

12. Describe the sources, preparation, and properties of the earths used in 
the manufacture of mantles for incandescent lighting. In what proportion 
are these earths used, and what is the part played by each in producing the intense 
light emitted by the incandescent surface — Board of Educ, 

13. The terms vital air, pure air, dephlogisticated air, and oxygen {have at 
different times been applied to the same substance. Give an account from the 
historical point of view of the ideas underlying these terms, mentioning the chief 
chemists whose views they embodied, — Cape Univ, 

14. Explain the following statement by J. Priestley about 1771, in the light 
of later investigations : “A sprig of mint vegetable left for a few days in an air 
vitiated by a burning candle restored the purity of that air sufficiently to allow 
the candle to burn .in it again.” 

15. J. B. van Helmont “ planted a sprig of willow in a vessel of such a soil as 
appeared to be incapable of yielding it any nutriment ; suspended the little 
willow and its pot in air ; fed it on pure water, and noticed that the little plant 
grew apace, stretching forth its branches and covering itself with leaves.” Hence 
argued van Helmont, that wood, bark, foHag© “ do lie folded up in some mysterious 
bub not inscrutable manner within the elemental 8ubstan.ee water,” and all 
things consist essentially of nothing but water. Where lies the fallacy in van 
Helmont’s conclusion ? 

16. A small box containing a live gqinea-pig is placed on the pan of a delicate 
balance, and the instrument then exactly counterpoised. If the whole be now 
allowed to remain at rest, it will soon be seen that- there is a distinct diminution 
of the weight of the box and contents. Explain this fact. — London Univ. 

17. Describe the construction of a Davy lamp, and indicate the principles 
upon which its action as a safety -lamp depends,-T--Z/Ow<fon Univ, 

1 8. Explain how it is that fish can obtain sufficient oxygen for their respiration. 

What experiment can you suggest for the purpose of proving the correctne-ss of 
your explanation. — London UniVt ^ 


■ CHAPTEE XXXIX . 

The Compounds containing Carbon and Nitrogen • 

§ 1. Ferrocyanides and Ferricyanides. 

Diesbach, a colour manufacturer of Berlin, accidentally discovered the 
colour now known as Prussian or Berlin blue, about 1704, and he mentioned 
the fact to the alchemist, Dippel, who investigated the subject, and accord- 
ing to Woodward (1724) prepared it by melting dried blood with potash 
salts and treating the aqueous extract of the mass with ferrous sulphate. 
J, Brown (1725) showed that animal flesh, and St. Geoflroy (1725) that 
other animal substances, could be used instead of blood. In 1752 Macquer 
noticed that when Prussian blue was boiled with an alkali, iron oxide 
separated from the solution and the mother-liquid contained a substance 
which separated in yellow crystals. It was then called phlogisticated 
potash and afterwards prussiate of potash, it is now known as potassium 
ferrocyanide, K. W. Soheele (1782-5) showed that when distilled with 
dilute acids, Prussian blue furnishes an acid which he named prussic acid, 
C. L. Berthollet (1787) showed that iron, as well as potash and prussic 
acid, is an essential constituent of the so-called prussiate of potash. 

Potassium ferrocyanide, K 4 FeCy 6 . — ^When nitrogenous refuse (blood, 
horns, leather scraps, etc.) is charred, and the black mass is ignited with 
potash and iron filings, something is formed which passes into solution 
when the mass is lixiviated with water. The aqueous solution on evapora- 
tion gives yellow crystals of potassium ferrocyanide wdth the empirical 
composition, K4FeC6N6.3H20. It is convenient to represent the univalent 
group ‘‘ ON ” by the symbol “ Cy,’’ and accordingly tlxe formula is wTitten 
K^FeCye.SHgO. The same salt is obtained from the “ spent oxide ” of 
the purifiers of gas works which are used (g.v.) to remove the sulphur 
and cyanogen compounds from the gases formed during the distillation 
of coal. The “ spent oxide ” is boifed with lime. The soluble calcium 
ferrocyanide is leached from the mass, and converted into potassium salt 
by the treatment with potassium carbonate. The resulting potassium 
ferrocyanide is purified by crystallization. Sometimes the cyanogen 
compounds are removed from the coal gas before it reaches the purifiers 
by washing the gas in ah alkaline solution with ferrous carbonate in 
suspension. Sodium ferrocyanide, Na 4 FeCy 6 . 10 H 20 , is produced in an 
analogous way,* 

Properties of potesium ferrocyanide. — ^Potassium ferrocyanide crystal- 
lizes in laminated, sulphur-yellow ^^rystais with three molecules of “ water 
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of crystallization,” K4FeCy6,3H20. The saltis soluble in water,,' but; not 
in' alcohol or ether. The aqueous solution has a bitter . taste, but is not 
particularly poisonous. The salt loses its ‘‘water of crystallization on 
warming, and the anhydrous salt remains behind as a white : powder. 
The salt is decomposed when heated, forming, potassium cyanide, KCy, 
and an impure iron carbide, generally symbolized FeC^, thu,s, K4FeCyg 

4 KCy + FeC2 + N2, alt,hough it is probably much more complicated 
than this. When warmed with dilute sulphuric acid, hydrogen cyanide 
(f.-y.) is formed; with concentrated sulphuric acid, carbon monoxide 
Is evolved: K4FeCy0 + + 6H2SO4 = 2K2SO4 + FeS04 ,+ 

^(NHDaSO^ -f 6CO. ■ ■ Potassium ferrocyanide, decomposes when ignited 
out of contact with the air and forms a complex mixture of potassium 
cyanide, iron carbide, etc. J. A. Muller discovered potassium carbonyl 
ferrocyanMe, KgFeCysCO— in which one carbonyl radicle, CO, takes the 
placb oUbne Cy radicle in potassium fepicyanide — ^in the mother-liquid 
obtained when potassium cyanide is prepared by lixiviating roasted potas- 
sium ferrocyanide. It is also made by heating carbon monoxide with 
potassium ferro- or ferri- cyanide in a sealed tube. The reaction is repre- 
sented : K4FeCye + CO + 2H2O = NHg -f HCOQK + KgFeCygCO. The 
free acid has been isolated in colourless scaly crystals. 

Ferrocyanic acid, H4FeCy6.^ — ^When a saturated solution of potassium 
ferrocyanide, freed from dissolved air by boiling, is treated with concen- 
trated hydrochloric acid in the cold, a white crystalline powder called 
ferrocyanic acid is formed, it has the empirical formula, H4FeCyg. Ferro- 
cyanio acid turns blue on exposure to the air owing to the partial decom- 
position of the salt and the formation of Prussian blue {q,v . ), and when heated 
in vacuo at about 300 ° it furnishes a pale yellow powder with the empirical 
formula, FeCyg ; this powder is probably not a simple cyanide, but rather 
a ferrous ferrocyanide {vide mfra). When silver ferrocyanide is boiled 
with ethyl iodide in alcoholic solution, ethyl ferrocyanide is formed as a 
crystalline solid. The lowering of the freezing point of aqueous solutions 
agrees with the formula (C2H5)4FeCy6. 

Sodium nitroprusside, Na2FeN0Cy5.2H20. — ^When, say, four grams 
of powdered potassium ferrocyanide are boiled for haK an hour with 4 c.c. 
of concentrated nitric acid diluted with its own volume of water, and the 
cold solution made alkaline wdth sodium hydroxide, ruby-red crystals 
of sodium nitroprusside are obtained. Here the radicle NO takes the 
place of two Na atoms, and one Cy radicle in sodium ferrocyanide : 
BNaCy.FeCys + NO = NaCy + NagFeCygNO. When sodium nitro- 
prusside is treated with alkalies, it furnishes sodium ferrocyanide, ferrous 
hydroxide, etc. : BNaaFeCygNO + 14 NaOH = Fe(OH)2 + 5Na4FeCyg 
+ BNaNOg + 6H2O, showing that the iron is probably present in the 
ferrous condition. " The salt is sometimes called sodium nitroferrocyanide, 
A solution of sodium nitroprusside is sometimes used as a test for sulphides 
since it gives a deep violet coloration with soluble sulphides. When 
reduced in alkaline solution (sodium amalgam in water), ammonia and 
sodium feiTocyanidp are formed ; when reduced in neutral solution (zine- 
copper couple), hydrogen cyanide and sodium ferrocyanide are formed ; 
and when reduced in acid solution (sodium amalgam in dilute sulphuric 
acid), hydrogen cyanide, ammonium sulphate; and FeNaFeCyg are formed. 
Nitroprussic acid, HgFeCygNO, has he^ obtained in dark-red monoclinic 
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crystals by treating the silrer salt with bydroobioric acid, or the barium 
salt with dilute sulphuric acid. 

Potassium ferrkyanide, K^FeCye.— If an aqueoiis' solution >ol potas- 
sium ferrocyanide be treated with oxidizing agents like cMorine, bromine, 
nitric acid, hydrogen peroxide, etc., it acquires a dark reddish colour, 
and crystals of potassium ferricyanide separate ■when the solution is con- 
centrated by evaporation ; 2K4FeC5^g + Cl^ — 2KCi + 2K3FeCyg. The 
potassium ferricyanide is separated from potassium chloride by re-crystal- 
lization. If an excess of chlorine be passed into a solution of potassium 
ferricyanide, the solution deposits a greenish precipitate — called Prussian 
green. The oxidation of the ferrocyanide to ferricyanide is now con- 
ducted by the electrolysis of slightly alkaline solutions — ^hydrogen and 
potassium hydroxide are formed at the cathode : 2K4FeCyg + 2H2O 

2K3FeCye 4- 2KOH + Hg. The ferricyanide is separated by crystal- 
lization. Potassium ferricyanide, also caUed red prussiate cf potash^ 
is a mild oxidizing agent in alkaline solutions, for it oxidizes “ reducing 
agents’’ ihie sodium thiosulphate, hydrogen sulphide, etc., re-forming 
potassium ferrocyanide : 4K3FeCy6 + 4KOH = 2H2O -f 4K4FeCyc 4- O2. 
Thus, an aqueous solution of the ferricyanide is converted into ferrocyanide 
by potassium or sodium amalgam. Potassium ferricyanide, also called 
red prussiate of potash, is rather more soluble in water than the ferro- 
cyanide : thus, 100 grams of water at 0^ dissolve 31 grams of potassium 
ferricyanide, and 13 grams of ferrocyanide ; at 10*^ these numbers are 
respectively 36 and 20. Potassium ferricyanide is not soluble in alcohoL 
When a saturated solution of potassium ferricyanide is treated with con- 
centrated hydrochloric acid, in the cold, reddish-brown, acicular crystals 
of tribasic ferricyanic acid, HaFeCyg, separate from the solution con- 
centrated by evaporation in vacuo. It has been claimed by Locke and 
Edwards that there is a green modification of potassium ferricyanide which 
they can the ^-form ; the ordinary form being the a-salt. 0. Hauser and 
E. Biesaisky consider that the alleged yS-form, of potassium ferricyanide 
is a colloidal solution of Prussian blue in a solution of the ordinary red 
crystals. 

Various salts of ferrocyanic and ferricyanic acids have oliaraoteristio 
colours, and consequently, potassium ferrocyanide and ferricyanide— 
particularly the former — are used in qualitative analysis. 

Table LIX. — Pbopeb-ties or Febro- and Ferbi -cyanides. 


Ferrooyanides added to 


Femcyanides added to 


ferric chloride 

Ferrous chloride . 


Copper sulphate . 
Zixxo sulphate ^ 
SilY« nitrate' v 


Deep blue, precipitate of 
Prussian blue, insoluble in 
hydrochloric acid, soluble 
in oxalic acid. 
Bluish-white precipitate 
which rapidly darkens on 
exposure to air, or by add- 
ing a, drop of bromine. 
Beddish-brown precipitate. 
Whit© precipitate. - 
Whit© precipitate. ■ 


Xo precipitate in neutral so- 
lutions, but the solution 
is coloured green or blue. 

Deep blue precipitate of 
Turnbull’s blue. 


Yellowish-green precipitate. 
Orange precipitate. 
Reddish-brown precipitate. 
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Ferric ferrocyanide, Fe4(FeCy6)3.— TMs compound is also called 
Prussian blue, or Berlin hVm» It is foi’med, aS' indicated in, tbe , preceding 
table, when a solution of potassium ferrocji'anide is added to a solution 
of a ferric salt. It is insoluble in hydrochloric acid, but soluble in oxalic 
acid, forming a deep blue solution. When heated with conGeiitrated 
sulphuric acid Prussian Hue yields hydrocyanic acid ; and when boiled 
with alkaline hydroxides, ferric hydroxide is precipitated, and alkaline 
ferrocyanide remains in solution. Besides the “ insoluble ” Prussian blue, 
a sokihle or colloidal Prussian blue is formed when a ferric salt is added to 
a solution of potassium ferrocyanide, or a ferrous salt to a solution of 
potassium ferricyanide. By the addition of salt to the solution, the 
“ soluble ” Prussian blue is coagulated or ‘‘ salted out,” and the precipitate 
is then “ insoluble ” Prussian blue. 

Ferrous ferricyanide, Fe3(FeCy6)2.~~When potassium ferricyanide is 
added to neutral or acid solutions of ferrous chloride, a dark Hue preci- 
pitate of ferrous ferricyanide, also called “ TurnbulFs blue,” is formed. 
When potassium ferrocyanide is added to a ferrous salt, ferrous potassium 
ferrocyanide, FeKaFeCyg, or ferrous ferrocyanide, FegFeCy^, is formed, 

§ 2. Hydrocyanic Acid and the Cyanides. 

Molecular weight, HOy or HON = 27 ; melting point, — 15® ; boiling point, 
26*1®; specific gravity of liquid, 0'’6969 at 18® ; and vapour density 
0*944 (air unity) at 19®. 

Potassium cyanide, KCy. — Potassium cyanide was formerly made by 
heating potassium ferrocyanide either alone dr mixed with potassium 
carbonate in an iron crucible to a red heat : IC4FeCy6 -H K2CO3 = 5K0y -f 
KCyO + Fe + GO 2. The mass was lixiviated with water, and the solution 
evaporated to dryness, fused, cast into sticks, and sold as potassium 
cyanide, although it always contains some potassium cyanate, KCyO. 
Potassium cyanide is extensively used in electroplating, gilding, the extrac- 
tion of gold from quartz, and in photography. Fused potassium cyanide 
is a powerful reducing agent, and it liberates metals from their oxides, 
and is at the same time converted into potassium cyanate (g'.t?.) : Sn02 
4- 2KCy == 2KCyO + Sn, Hence potassium cyanide is used in metal- 
lurgy and in analytical work. WTien heated alone, potassium cyanide 
fuses without decomposition in the absence of air, but if air be present, 
it is partially converted into potassium cyanate Potassium cyanide 

is soluble in water and in hot alcohol. The aqueous solution is very 
unstable, p. 387, and when boiled with water, it slowly decomposes, 
forming ammonia and potassium formate, H.CO.OK. 

Manufacture of cyanides. — Cyanides can be manufactured cheaply 
in several ways. By fusing potassium ferrocyanide with sodium, all the 
cyanogen, Cy, is converted into cyanide t K^FeCy- + ^Na = 2NaCy ri 
4KCy 4* Fe. The iron can be separated from the fused mass, and a 
mixture of sodium and potassium cyanides remains. The mixture can he 
used for the extraction of gold, etc. If ammonia be passed over heated 
sodium, sodamide is formed : 2NH3 + 2Na 5= 2NH2Na -h Hg, as indicated 
on p, 654; and if the fused mass be run over red-hot carbon, sodium 
cyanide is formed i 2NaNH2 4 - 2G 262’+.'. 

A# Frank and N. Garo patented alprocess in 1895 for the fixation of 
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the nitrogen of atmospheric air by heating calcium or barium carbides in 
an atmosphere of nitrogen between 1000° and 1100°. Nitrogen, it will 
be remembered, is a by-product in Linde’s process for separating oxygen 
from liquid air. The absorption of nitrogen by the carbides commences 
about 700°, but the reaction is incomplete; at 1100°, however, the 
absorption is practically complete, and calcium cyanamide, CaCNa, that 
is, Ca = N — Cy, is formed : CaCg + Ng ^ CaCNg + C. A large amount 
of heat is evolved at the same time. The mixture of carbon and calcium 
cyanamide so obtained is knovm in commerce as nitrolime ” or “ Kalk- 
stiokstoff . ’ ’ When in contact with water, calcium cyanamide forms dicyan- 
diamide {CyNHa)^, thus : 2CaCN2 + = 2Ca(OH)2 + (CyNHg)^ ; 

and when treated with superheated steam, calcium cyanamide forms 
calcium carbonate and ammonia: CaCNg + = GaCO^ + 2NH3. 

Calcium cyanamide is used as a fertilizer, and in the manufacture of 
cyanides, for if calcium cyanamide be melted with a suitable flux— sodium 
chloride or carbonate — sodium cyanide is produced : CaCNg + G = CaCyg ; 
and GaCy2 + NagCOg = CaCOg + 2NaGy. 

Complex cyanides. — When simple and complex cyanides are boiled 
with water holding yellow mercuric oxide in suspension, mercuric cyanide, 
HgGyg, is formed ; thus, with potassium ferrocyanide : K4FeC3^6 H" 
3HgO 4" 3H2O = Ee(OH)2 + 4KOH + SHgCyg. The decomposition of 
the cyanides by mercuric oxide is utilized in quantitative analysis for the 
separation of cyanides. Silver cyanide is formed as a white insoluble 
powder when potassium cyanide is added to a soluble silver salt. The 
precipitate is soluble in excess, forming a complex potassium argento- 
cyanide, KAgCyg. If nitric acid be added to the solution, silver cyanide 
is precipitated. This complex cyanide is used in electroplating. This 
reaction is used for the volumetric determination of potassium cyanide by 
J. von Liebig’s process. A standard solution of silver nitrate is added 
to the cyanide solution until a precipitate is Just formed. The burette is 
then read ; and the amount of potassium cyanide corresponding with the 
silver solution dropped from the burette is computed from the equation : 
2KGy 4- AgNOg == KAgGyg -f KNOg. Each atom of silver corresponds 
with two molecules of potassium cyanide. Any further addition of the 
silver nitrate will decompose some of the potassium argenticyanide and 
form a precipitate. The volumetric determination, of silver can be effected 
by reversing the process, namely, by titrating a solution of a silver salt 
of unknown strength with a standard solution of potassium cyanide. 

Gupric cyanide, GuGyg, as in the analogous case of cupric iodide, is 
probably formed when potassium cyanide is added to an aqueous solution 
of, say, cupric acetate, but the salt is so unstable that it immediately passes 
into cuprous cyanide, CuCy. Guprous cyanide dissolves in potassium 
cyanide, forming a similar complex salt : CuCy 4- BKGy E'3CuGy4. 
The potassium euprocyanide so obtained is sufficiently stable to be un- 
affected by hydrogen sulphide in neutral or alkaline solution ; the cadmium 
complex cyanide, K2CdCy4, is decomposed under the same conditions. 
A common method of separating copper from cadmium depends upon 
this fact. 

The cyanides are remarkable in forming a series of complex cyano-salts 
remarkable for their stability; Potassium ferro- and ferri-cyanides, and 
potassium silver cyanide have be^ previously studied. If the method 
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worked out for the graphic formula of ammonium chloride were applied 
consistently it might be inferred the iron in the ferrooyanides is 10-valent, 
and 9- valent in the ferricyanides. Very little is known about the relative 
position of the atoms in these molecules. The complex cyanides are 
conveniently formulated according to Werner’s scheme (R univalent), 
p, 792 , in iUustratioii : 

[AgCyglR [AuCyglR [ZnCyajR [CuoGyJR 

[ZiiCy^lRg [PtCyjRa fCuCy^Ra [m6ylK 

[FeCyglRa [CoCysjRg [MnCygJRg [CrCyg]R: 

^ [CoCyeP^ [MnCygP® [CrCyjR; 

In sodium nitroprusside, or sodium nitroferricyanide, we have 
[Fe(NO)Cy 5 ]]S[a 2 . The union of ferrous and potassium cyanide in the 
case of potassium ferrocyanide, and of ferric and potassium cyanide in 
the case of potassium ferricyanide, must involve a profound change in 
the molecules concerned. The iron ceases to act as a basic element, 
but becomes an integral part of the acidic radicle. Potassium ferricya- 
nide is not there- 
fore a double 
salt, PeCyg.SKCy ; 
and potassium 
ferrocyanide is 
not a double" salt, 

FeCy2.4KCy, since 
the iron cannot be 
separated by pre- 
cipitation as is the 
case with the iron 
in ordinary ferrous 
and ferric salts ; 
and aqueous solu- 
tions of potassium 
ferrocyanide, ac- 
cording to the ionic 
hypothesis, con- 
tain the quadriva- 
lent ion, .FeGyg''^ ' 


Condensing Tu6e in 
freezing Mixture 



Fig. 324.- 


-The Preparation of Anhydrous Hydrogen 
Cyanide. 


and the ferricyanides, the tervalent ion EeCyJ', because the iron appears at 
the anode, not the cathode, during electrolysis. 

cyanide, HGN.'— Hydrogen cyanide is made by distilling 
a mixture of powdered potassium cyanide mth a mixture of equal volumes 
of sulphuric acid and water ; if concentrated acid be used, a considerable 
amount of carbon monoxide is evolved. The vapour is passed through a 
U-tube containing calcium chloride to remove the water. The dry 
hydrogen cyanide is led through a U-tube surrounded by ice ; and the 
gas condenses to a colourless liquid, Fig. 324. The gas is also made by 
passing dry hydrogen sulphide over dry mercury cyanide and condensing 
the vapour to a liquid as before. Pitre hydrogen cyanide is one of the 
most deadly poisons knoTO, and hence great care must be taken in experi- 
ments with hydrogen cyanide, and, indeed^: with cyanides generally. The 
liquid boils at 26 * 5 °, and freezes at rxl5® /fe) a white solid. It ^ssolves 
in water in all proportions, and the sllutioh — called hydrocyanic acid— 
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has the smell of bitter almonds. K. W. Scheele discovered hydrocyanic 
acid in 1782 ; and made it by heating sulphuric acid with Prussian bluej 
hence the old name, prussic acid ; and I. von Ittner made the anhydrous 
compound, HCN, in 1809. J. L. Gay-Lussac established its composition 
in 1811. A 10 per cent, aqueous solution is often called “ prussic acid/® 
and a 2 per cent, solution is used in medicine. The ordinary aqueous 
acid can b.e made by the distillation of, say, 0*5 gram of potassium ferro^ 
cyanide with 100 c.c. of 10 per cent, sulphuric acid until 10 c.c. of a dilute 
aqueous solution of the acid has collected in the receiver. The latter 
process is also used on a large scale. Hydrocyanic acid is used in the 
fumigation of ships to destroy rats and vermin, and of railway sleeping 
cars for bugs and lice. It is also used in spraying fruit trees to destroy 
certain pests. 

Hydrocyanic acid is monobasic, and the salts, as indicated above, are 
called cyanides. Hydrocyanic acid is one of the weakest of acids, and 
this corresponds witli its low electrical conductivity. Some ammonium 
cyanide is formed when ammonia is passed over red-hot charcoal ; and 
when a series of electric sparks are passed through a mixture of acetylene 
and nitrogen, ^¥he^n chlorine gas is passed into hydrocyanic acid, a 
colourless liquid called ‘‘ liquid ” cyanogen chloride, with the empiricai 
formula CyCl, is produced : HCy + Gig = HGl + CyCi. This polymerizes 
on standing and forms “ solid ” cyanogen chloride, or cyanuric chloride, 
CysOlg. The action of bromine on a metallic cyanide or on hydrocyanic 
acid furnishes cyanogen bromide, CyBr. Tliis substance sublimes between 
60® and 65®, forming transparent crystals. When treated with a well- 
cooled aqueous solution of sodium trinitride, NalsTg, p. 672, freshly pre- 
pared cyanogen bromide gradually dissolves. If the solution be extracted 
with ether, and the ethereal solution be evaporated in a current of diy 
air, a colourless liquid is obtained which soon crystallizes. The crystals 
have the empirical composition ON4, and they appear to be cyanogen trini- 
tride or cyanogen hydrazoate, Ng — C=N, formed by the reaction : NgNa 
4- QyBr = NaBr -f KgCy. The compound is explosive ; decomposes at 
70° ; melts between 35*5° and 36° ; .dissolves in water, and the aqueous 
solution gradually hydrolyzes : CyNg 4- SHgO = NgH 4- OOg + NHg, 
The compound gradually polymerizes on keeping. 

When hydrocyanic acid is heated with mineral acids, or when potassium 
cyanide is boiled with water, formic acid, or rather ammonium formate, 
is produced : HCy 4* = H,CO.OH 4- NHg. Wlien ammonium 

formate is distilled with some dehydrating agent — say, phosphorus 
pentoxide — ^the formic acid is resolved into hydrogen cyanide : H.COOOT14 
= HCy 4- 2H2O. These facts, together with much evidence discussed 
in text-books of organic chemistry, show that the hydrogen atom in 
hydrogen cyanide is probably united directly with the carbon atom and 
not with the nitrogen atom, and that the formula of hydrogen cyanide is 
H — CfeH. The fact that the hydrogen of hydrocyanic acid can be dis- 
placed by the metals corresponds with the close analogy between hydro- 
cyanic and hydrochloric acids* There are some reasons for supposing that 
there are two series of compounds derived from an acid with the empirical 
formula, HCN ; the one set called the cyanides or nitriles corresponds with 
CfeN ; and the other, called' isgcyanides or isonitriles, with H— -NilC. 
These compounds are discussed m ^^^rganic chemistry. 
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§ 3, Cyanogen. 

Molecular weight, Cy or C^No, 52*02 ; Cy behaves as a univalo-'t radicle; 
melting point, - 34*4'^ • boiling point, - 20*7®; critical temperature, !28-3°j 
critical pressure, 59*6 atmospheres ; vapour density (air unity), 1*S06. 

, Plutarch says that the leaf of the peach tree is the ^sy^ll>oi of the god 
of silence, and that the Egyptians called this deity Moth, a tenn wliicli, 
the scholars tell us, becomes in Hebrew the word for death. It appears 
that during the terrible ordeal of initiation into the sacred art of the 
Egyptians, the candidate was forbidden to speak ; an ancient papyrus 
preserved in the Louvre Museum (Paris) says : “ It was forbidden to spea,k 
the name of Jao for fear of death by the peach.’’ The punishment %va 3 
death, and death by poisoning with Avater distilled from the leaA^es of the 
peach tree. The distillate from the leaves of the laurel, bitter-alinond, 
peach, etc., contains hydrocyanic acid. The leaves do not contain the 



acid ready formed, but rather a giucoside — called amygdalm — which splits 
up into sugar, oil of bitter almonds, and hydrocyanic acid. The so-called 
laurel- water ” and “ bitter almond- water ” of pharmaceutical chemistry 
contain a little prussic acid. The jealousy water ” employed by the 
old Egyptians and Hebrews for swiftly poisoning people guilty of certain 
crimes, AA^as a similar preparation, 

Morren (1859) and &rthelot (1879) showed that cyanogen can be 
obtained directly from its elements by sparking carbon electrodes in nitro- 
gen gas — Fig. 269 ; and cyanides are formed as indicated above, by heating 
the two elements in contact with a metal — ^preferably of the alkalies 
or alkaline earths. The endothermal reaction is symbolized: 20 -f 2^2 
— Cyg “ 82 Cals. 

Cyanogen, Cyo, is a gas made by heating mercuric or silver cyanide 
in a hard glass tube : HgCyg = Hg -f Cyg. , The gas is best collected over 
mercury, Eig. 325. The yield of cyanogen is much less than the theoretical 
owing to the simultaneous formation of, a peculiar dark brown powder 
called paracyanogen. This substance appew to be a polymer of cyanogen, 
Cvft, because if continuously heated at afcout 850% it furnishes ordinary 
cyanogen : Gyn ^ If the merc:^d, cyanide be mixed with a little 
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mercuric cliloride, the cyanogen comes off at a lower temperature, and less 
paracyanogeii is formed : HgCy2 + HgCig = 2HgGi ~f Gy... The gas 
is also obtained by heating, a mixtui'e of mercuric chloride and potassium 
cyanide ; or an aqueous solution of copper sulphate and p>otassiu m cyanide. 
When a mixed solution of potassium cjmnide and copper sulphate is 
warmed, a yehow precipitate of cupric cyanide, CuCvg, is first formed, and 
this is immediately decomposed into cuprous cyanide, CuCy, and cyanogen ; 
4KCy + 2CUSO4 - 2K2SO4 + 2CuCy + Cyo. 

Cyanogen is a colourless poisonous gas with a faint odour which 
reminds some people of the smell of peaches. Cyanogen burns with a 
violet-coloured flame, forming carbon dioxide and nitrogen. It condenses 
to a liquid under a pressure of four atmospheres at ordinary temperatures, 
and at ordinary pressures it furnishes a liquid boiling at — 20*7°. The 
liquid freezes to a white solid melting at — 34°. The gas has a vapour 
density of 52 (Hg = 2), which corresponds with the molecule CoNg. 
The graphic formula is probably N^C— G^N. Cyanogen dissolves readily 
in water. The aqueous solution deposits a peculiar brown flocculent mass 
— azulmic acid — on standing; ammonium oxalate, hydrogen cyanide, 
and carbon dioxide are formed at the same time. Cyanogen unites 
directly with the alkali metals, forming cyanides. The name cyanogen is 
derived from Kvavos (cyanos), dark blue ; and yewaw (gennao), I produce. 
Cyanogen w^as isolated by J. L. Gay-Lussac in 1815. Small quantities of 
cyanogen occur in blast furnace gases. 

Cyanogen bears some analogy with chlorine. For instance, when it 
is passed into a solution of potassium hydroxide, it forms potassium 
cyanate, KOCy, and potassium cyanide, KCy, thus : Cyg ~h 2KOH 
= KGy + KCyO + HgO. Chlorine under similar conditions forms 
potassium hypochlorite, KOCl, and potassium cliloride, KCl, thus; Ci2 
4- 2KOH = KCl -f- KOCl 4- HgO. With hydrocyanic acid, the reaction 
is HCy 4- KOH = KCy -f HgO. Hence, to distinguish between cyanogen 
and hydrogen cyanide, pass the gas into a solution of potash-lye, and test 
for cyanates in the liquid by slightly acidifying with acetic acid, and 
adding a little solution of a cobalt salt. A bright blue coloration indicates 
the cyanates. The silver salts, etc., also have many analogous properties. 
If acetylene carboxylicdiamine, CO.NHg — C=C-LC0.NH2, be treated 
with a dehydrating agent, two molecules of water are removed, and a 
compound, N=C — ^C=C — C3N, which can be regarded as carbon cyanide, 
C2Cy2> remains in the form of white crystalline needles, melting at 20*5° 
to 21*0° and boiling at 76° (753 mm.). It readily bums in air, and has 
an irritating odour. 

§ 4. Cyanic Acid and the Cyanates. 

Potassium cyanate, KO — CN. — ^This salt is produced when potassium 
cyanide is slowly oxidized in air; and it is usually made by heating 
potassium cyanide or ferrocyanide with an oxidizing agent — ^litharge, 
red lead, ;i^tassium permanganate, etc. : KCy 4- PbO == Pb + KOCy. 
The potassium cyanate is extracted by lixiviating the mass with dilute 
alcohol, and concentrating the alcoholic solution by evaporation. Potas- 
sium cyanate is a colourless crystalline powder readily soluble in water and 
in dilute alcohoL The aqueous goiution readily decomposes ; KOCy + 
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2H2O ='NH3 + HHC03. ■ The correspondiiig acid, HOCy, decomposes^ so 
rapidly into carbon dioxide and ammonia ; :HOCy -f HgO ,== CO^ '4- NH3, 
that cyanic acid cannot be prepared by the decomposition of its salts with 
mineral acids. 

Cyanic acid, HOCy. — If cyanxiric chloride, CygClg, be treated mth 
■water, eyaimric acid, 'HgCygOg, is formed : . Cy^CIg + SHgO = 3 HG 1 -f 
HsGysOg, as a crystalline tribasic acid with a probable graphic formula : 

C.OH==N-aOH 

N=aOH-N ■ ■ 

if cyannric acid be heated in a tube, and the vapours passed through a 
U-tube cooled by immersion in a freezing mixture, an unstable, liquid, 
monobasic acid with the empirical formula HGyO is obtained : HgCygOg 
= 3 HGyO. The monobasic cyanic acid, HOGy, is the cyanogen analogue 
of liypochlorous acid, HOCL If the temperature be raised above 0 ^, 
cyanic acid rapidly polymerizes into a hard, white, opaque mass called 
cyameiide, (HGyO)7^, where is not known. 

“Ammonium cyanate, NH4CyO.-— This salt is formed as a w^hite crystal- 
line powder when dry ethereal solutions of ammonia and cyanic acid are 
mixed together. It is also formed when a mixture of carbon monoxide 
and ammonia is passed over heated platinized asbestos, or subjected to 
the silent or spark electric discharge. On evaporating an aqueous solution 
of ammonium cyanate, F. Wohler, in 1824 , found that it underv?ent an 
intramolecular change, forming urea, CO(NH2)2 (p. 840 ), isomeric with 
ammonium cyanate. With potassium hydroxide, ammonium cyanate 
forms potassium cyanate. 

§ 5. Thiocyanic Acid and the Thiocyanates. 

If the alkaline cyanides be fused with sulphur, a change, analogous 
with the oxidation of the alkaline cyanide, occurs, and the so-called thio- 
cyanates, or “ suipho-cyanides,” are formed : KCy -f S — KCyS. The 
fused mass, when cold, is lixiviated with dilute alcohol, and the alcoholic 
solution, when concentrated by evaporation, furnishes colourless delique- 
scent crystals of potassium thiocyanate, KGNS, Ammonium thiocyanate 
is conveniently made by digesting concentrated ammonia with carbon 
disulphide : 4NH3 + GSg -= NH^SCy + (NH4)2S, Ammonium tiiiocya- 
nate undergoes a similar molecular change to that which occurs when 
ammonium cyanate is heated. At 140 °, for instance, ammonium thio- 
cyanate, NH4SGN, passes into thiourea, CS(NH2)2, which is analogous 
with mea, GO(NH2)2- The thiocyanates give a blood-red ferric thiocyanate 
with ferric salts, and no coloration occurs with the ferrous salts if ferric 
salts be absent. Hence J. J. Berzelius’ term rhodamtes — ^from rhodos, 
a rose — ^for the thiocyanates. According to the ionic hypothesis, the red 
colour is supposed to be due to the un-ionized molecules, Fe(CyS)3, since 
neither the ferric ion Fe— nor the thiocyanates ion CyS'‘ are coloured. 
The red coloration is intensified if more ferric, salt, or more thiocyanate 
be added to the solution, because the addition of a common ion ” causes 
part of the ionized salt to recombine to form molecules of the coloured ferric 
thiocyanate. When silver nitrate is^dd^d to a solution of potassium 
thiocyanate, a white fiocculent preci;ptate : of silver thiocyanate, AgGyS, 
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separates. This is insoluble in dilute mineral acMs. This reaction is the 
basis of Volhard’s volumetric process' for ■ the deteriiunato^ silver. 
Mercuric thiocyanate, Hg(GyS)2, made by adding mercuric chloride to a 
solution of potassium tMocyanate, is an insoluble powder wMch. when 
washed and dried takes fire on ignition and forms a voluminous ash. 
Pellets made from the dry powder, when ignited, form long snake-like 
tubes — ^the so-called “ Pharaoh’s serpents.” Thiocyanates are used 
for dyeing. A certain amount of ammonium tMocyanate is found in the 
“ gas" liquor,” and in the “ spent oxide ” of the gas works. 

Thiocyanic acid, HCyS.-— -This acid is made by distilling potassium 
thiocyanate with dilute sulphuric acid, or an intimate mixture of potassium 
hydrosulphatc and potassium or barium tMocyanate, under reduced pres- 
sure, and passing the vapour through a tube containing calcium cliloride 
to remove the vapour of water, and then through a U-tube cooled by a 
freezing mixture. At room temperatures, it is a colourless gas with a 
pungent odour ; at — 40*^, a white crystalline solid is formed. The volatile 
liquid is quickly polymerized to a yellow mass of solid tMocyanic acid 
if removed from the freezing mixture, and this especially if concentrated 
suiphui'ic acid be present, for mineral acids accelerate the change. When 
tMocyanic acid is warmed with dilute sulphuric acid hydrotysis occurs 
and carbonyl sulphide, COS, is formed : HCyS + HgO = NHg -h COS ; 
whereas cyanic acid under similar condition gives carbonyl oxide, that is, 
carbon dioxide. TMocyanic acid was prepared by Winter! in 1790. It 
gives a wMte precipitate vdtli silver nitrate ; if traces of solid tMocyanic 
acid be present, the precipitate will be more or less yellow. 

§ 6. Oxidation and Reduction. 

This is a convenient place to recapitulate the meaning of the above 
terms. The word ‘‘oxidation” connotates the process of combination 
of oxygen with an element or compound ; and “ reduction,” the reverse 
operation, namely, the withdrawal of oxygen from an oxy-compound. 
Loss of oxygen by heat, as in the “ reduction ” of mercuric oxide, p. 156, 
although it results in the removal of the oxygen from mercury, is not 
usually called reduction. Tire ideas associated with oxidation and reduc- 
tion have been exteirded to include elements other than oxygen. For 
instance, the transformation of mercuric chloride, HgCig, to mercurous 
chloride, HgCi, and finally to mercury by the action of stannous cMoride, 
SnCl^, are processes of reduction. The stannous chloride is at the same 
timeoxidized to staiinic chloride, SnCi4, thus : SnClg 4- 2HgCl2 = SnCi^ + 
2HgCL The two operations — oxidation and reduction — are reciprocal in 
that the oxidizing agent is reduced,, and the reducing agent is oxidized 
by the proce^. In general, powerful oxidizing agents are readily reduced, 
and powerful reducing agents are readily oxidized. Similarly, the removal 
or addition of hydrogen is styled a process of oxidation or of reduction 
respectively, thus, acetylene, OgHa, is reduced to ethylene, G2H4, and 
ethylene is reduced to ethane, C^Hg, by nascent hydrogen. The change 
of a ferro- to ferri-eyanide is an Oxidation process because it corresponds 
: with a change of FeCyu- tO' FeCy-g, analogous with the transformation of 
•vleCLtoFeCk .. . . 
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O^dation is usually attended by an increase in the active valency and 
reduction by a decrease in the active valency of the central atom ; or, as' 
the. ionic .hypothesis .would express it,' the number of electrical '..charges on 
the ion is usually , increased during oxidation,. ■ and diminished during: 
reduction. 'Thus, when a solutio,n of ferric' chloride is reduced to ferrous' 
chloride' by treatment with stannous chloride, Sn” becomes Sn“’‘, and Fe“* ' 
becGines Fe" : ^FeClg -h SnClg — SnCl4- 4’ 2FeCi2, tw^o posit'iye charges 
are gained by each atom of tin, 'and two are lost 'by' each pair* of iron atoms.' 
When barium oxide '.changes to barium' peroxide there is probably, no 
change' in valency. With the' change HgSOg + HOCl = H2SO4 -f HCl, 
it is possible that the atom of sulphur passes from the quadri- to the sexi- 
valent state.' ■ ■ 

It is usual to say that oxidation is a process which involves the 
passage of a compound from a lower to a higher state of oxidation, 
by the addition of oxygen or of an acidic (electronegative) atom or 
radicle ; or by the removal of hydrogen or an equivalent basic (electro- 
positive) atom or radicle. Reduction is the converse of the process 
of oxidation. An oxidizing agent is a substance which can engender 
oxidation as just defined ; and conversely with a reducing agent. 

Among the available oxidizing agents are : oxygen, ozone, the per- 
oxides, and the higher oxides as well as the unstable basic oxides of silver, 
gold, etc. ; the oxy-acids (nitric, nitrous, chromic, cMoric, and the other 
oxy-acids of the halogens) and their salts ; the halogens (chlorine, bromine, 
iodine) ; permanganic acid and its salts ; potassium ferri-cyanide, etc. 

Among the available reducing agents or deoxidizers are : hydrogen, 
unstable hydrides (hydrogen sulphide, hydrogen iodide, phosphine, arsine, 
stibine, etc.) ; carbon, carbon monoxide, sulphur dioxide, and the sul- 
phites ; phosphorous acid and the phosphites ; hypophosphorous acid 
and the hypophosphites ; potassium cyanide ; potassium formate ; ferrous, 
stannous, and ehromous salts ; the metals sodium, potassium, magnesium, 
aluminium, etc. These oxidizing and reducing agents have been dis- 
cussed individually in earlier chapters. 


Questions. 

1. What, is the action of concentrated sulphuric acid on any five of the following 
substances : (a) potassium nitrate, (b) sodium carbonate, (c) charcoal, (d) potas- 
sium cyanide, (e) potassium oxalate, (/) potassium iodide, (ff) copper? — Sf, 
Andrews Unw, 

2. How may potassium ferro cyanide be made 2 How are the folloxving 
made from it : potassium cyanide, carbon monoxide, potassium ferricyanide, 
Turnbuirs Blue ? Write all the equations. — Univ, Pennsylvania, U,S.A, 

3 . Discuss any three of the following : {a) The action of heat on ammonium 
chloride ; (d) The displacement of isinc by copper from a solution of a zinc salt 
containing excess of potassium cyanide ; (c) The alkalinity of aqueous sodium 
carbonate solution ; (d) The formula of ozone,; — St. Andrews Univ. 

4. 20 o.c. of a solution of hydrocyanic acid mixed with excess of potash require 

50 c.c. of decinormal solution of silver nitrate to produce faint turbidity. What 
per cent, in the liquid ? — New Zealand Univ. ^ 

o. Calculate the heat of formation of hydrogen cyanide, given : C -j~ Og = 
COg -I- 96*9 cals. ; Hg -f O = HgO + 68*4 cals. ; 2HCy -f 50 2CO2 + H^O + 
N9 + 319*6 cals. — French Coll. 

" 6, Name two oxidizing agents and two reducing agents, and explaui how 
they may be used in connection with the of iron. Under what conditions 
does the interaction occur in each case ? — %>dTd of Mduc. 
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7. Outline methods by wMch the folio^m cuprous compounds can be 
obtained from copper sulphate : : (a) cuprous oxide, (b) cuprous chloride, (c) 
cuprous hydride, (d) cuprous cyanide, and describe briefly the appearance and 
properties of each. For what purposes is the chloride used in laboratories ? 
Give reasons for the formula, CuCl or Gu 2 Cl 2 » which you assign to this substance. 
— Board of Educ/ 

8. Explain clearly the following phenomena in terms of the modern theory 
of solutions : (a) A solution of sodium carbonate is alkaline and a solution of sodium 
hydrogen carbonate is nearly neutral; (6) ferrous ammonium sulphate gives the 
usual reactions for iron, whereas potassium ferrocyanide does not.— Bombay Unip, 

9. How is potassium ferrocyanide manufactured ? How could you prepare 
from potassium ferrocyanide : (a) a dilute solution of prussic acid | (h) urea • 
(c) carbon monoxide 1.— Calcutta Univ. 

10. If the atomic volume of oxygen when united to one element is 12*2, and 
to two elements 7*8 ; of sulphur united to one element 28*6, and to different 
elements 22*6 ; H = 6*5 t C — 11 ; P ~ 25*3 ; and Cl = 22*7 ; calculate the 
molecular volume of phosphoryl chloride, and indicate which of the formul® 
P(OCl)Cl 2 or POCig is in agreement with the observed values 101*3. Also com- 
pare the "calculated molecular volumes of sulphury! chloride, SOgClg, chlorosul- 
phonie acid, HOCISOg, and carbon disulphide, CSg, when the obseiwed values are 
respectively 86*3, 75*,0, and 62*1. 

11. Compare the molecular volumes of the follovdng carbonates : ealcite 
(sp. gr. 2*72) ; magnesite (sp. gr. 3*00) ; smithsonite (sp. gr, 4*42) ; siderite 
(sp. gr. 3*80). ^ 

12. What is meant by the term “ hydrolysis ” ? Explain clearly the various 
factors which influence the degree of hydrolytic dissociation. State and explain 
what occurs when potassium cyanide, ferric chloride, and borax are separately 
dissolved iai water ; and what happens when ammonium carbonate is added to a 
solution of aluminium sulphate. — Board of Educ. 

13. What information is conveyed by the use of terminals -ous and 'ic? 
Illustrate your answer by examples, and state generally how -ous compounds are 
converted into -fc compounds, and wee Hmy. 

14. What reactions occur when atmospheric nitrogen is passed over : (a) cal- 
cium, (6) calcium carbide, (c) barium carbide, (d) calcium hydride ? Vvhat action, 
if any, has water on (1) the substances named, (2) the products obtained ? — Board 
of Educ. 


CHAPTER XL 

Silicon 

§ L Silica, or Silicon Dioxide* 

Natuei furnishes some beautiful specimens of silica, and although the 
crystals are so attractive and so abundant, silica was for a long time 
regarded as an element, for it was argued that it is ‘‘ la plus homogeneous, 
la plus simple, et la plus elementaire des terres.’’ The belief was also 
favoured by the infusibiiity and the resistance silica offers to attack by 
chemical reagents generally. 

Silica is one of the most important compounds in the “ half-mile crust 
of the earth. It occurs abundantly in the mineral kingdom, and it is also 
common in the connective tissue of animals, fibres of vegetables, etc. 
The so-called Meselguhr or “ diatomaceous earth” is a friable powder 
resembling chalk or clay. It is virtually a mass of siliceous skeletons of 
dead diatoms. Diatoms are minute plants with a siliceous casing or 
skeleton. The different varieties vary in size and shape but the casing 
usually tapers towards both ends. The organism lives as a scum on the 
surface of water — either floating free or attached to foreign objects. The 
organisms die, and sink to the bottom. The siliceous shells accumulate 
along with some decomposed vegetable matter. The resulting diatoma- 
ceous earths are not uncommon in peat-bogs and marshes on the margin 
of existing lakes. Some of the older deposits are consolidated — e.g, 
tripoli, so named from its occurrence in Oran (Tripoli). Silica, SiOg, occurs 
in nature free and combined with various bases to form numerous mineral 
silicates. Free silica occurs czy^stalline and amorphous. There are three 
main types of crystalline silica : quartz, tridymite, and cristobalite. 

1. Quartz. — Quaitz occurs in hexagonal prisms (trigonal system) 
terminating in hexagonal pyramids. A single quartz crystal w^eigliing 
very nearly one ton has been reported from Calaveras (U.S.A.). The 
purest varieties of quartz — called rock crystal — are colourless ; they have 
a specific gravity 2*67, and are hard enough to cut glass. The ciystais are 
sometimes coloured with traces of various, oxides. Thus, manganese oxide 
gives amethyst quartz ; smoky quartz probably owes its colour to the presence 
of carbonaceous matter ; milky quartz owes its opacity to the presence of 
innumerable air bubbles. Quartz also occurs massive in quartzite and 
quartzose rocks. Quartzose sands and sandstones are also more or less 
impure quartz. Rock crystal was one of the first crystallized minerals 
to attract the attention of the e^iy jj^losophers, and they believed rock 

crystal to be a form of ice so hai:*®and dry that it becomes ^crystal” 
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—A. Magnus (1250) ; but, added Pliny, it is not easy to explain why the 
crystals grow six-sided. The Greek word for ice, KpvaraXXo^ (crystallos), 
has been extended to cover the whole science of crystals — crystallography. 
Agrioola (1550) reported his belief that “ rock crystal is not ice, but a denser 
product of cold.” 

Crystals of quartz are sometimes found with hemihedral ^ faces inclining 
to the right in some specimens, and to the left in others, and, a.s L. Pasteur 
pointed out in i860, “ quartz crystals iiliewise separate themselves into 
two sets in relation to their optical properties, for one set deviates the 
plane of polarized light to the right, and the other set to the left, according 
to the same laws.” The former may he called right-handed, and the 
latter left-handed quartz. As in the case of tartaric acid, indicated on 
p. 628, the two crystals are enantiomorphic. The enantiomorphism of these 


crystals is illustrated by Eig, 326. 




Fig. 326.- 


-Enaiitiomorphic Quartz 
Crystals. 


Silica dissolves in many molten silicates, 
and the effect on the freezing point of 
molten lithium silicate gives numbers 
corresponding wdth a molecular v/eight 
120*8, meaning that the silica molecule 
in that solution is probably (SiOglo. 
There are two forms of quartz with the 
transition point indicated in Fig. 327. 

2. Tridymite. — This is a second 
variety of crystalline silica which was 
discovered by G. von Rath in 1868 in 
San Cristobel mountains at Pachuca 


some andesitic rocks from the 
(Mexico). Tridymite crystallizes in six-sided tabular crystals belonging 
to the triciinic system. Tridymite has been found in some meteorites. 
It is formed when quartz is heated for a long time at about 1000°. Hence 
tridymite is very common in silica bricks, etc., which have been heated in 
industrial furnaces, The transition temperature is about 870°. The 
transformation of tridymite back to quartz, beiow^ 800°, is exceedingly 
slow. The velocity of the change is accelerated in the presence of chlorides 
of the alkali metals, sodium tungstate, etc. The specific gravity of 
tridymite is 2*33 as contrasted with 2*67 for quartz. There are three 
forms of trid 3 rmite with the transition points 117° and 163° indicated 
in Fig. 327. 

3. Cristobaiite. — ^TMs is a third variety of crystalline silica 'which occurs 
in smali octahedral (tetragonal) crystals up to about 2 mm, in size. 
It was dmoovered in the above-mentioned rocks at Pachuca. The specific 
gravity of oristobalite is practically the same as tridymite, being nearly 
2^34, Oristobalite crystals are formed in silica bricks which have been 
heated some time to a temperature at which quartz begins to sinter. 

1 In normally formed crystals, every face hag a similar face opposite to it, 
and not only opposite, but in every position where a face is possible, yet similarly 
situated with respeot to similar axes — ^!aw of crystal symmetry. When a crystal 
shows all the faces required by tb© law of symmetry tiie crystal is said to be hoio- 
Bymmetrical or from the Greek JiAor (holoa), whole? I'Spa (hedra), 

baa© or face. A crystal less" symmetrical may be derived from a holohedral 
crystal by the suppression.ot half its- faces, when it is termed hemihtdral from the 
Greek (hemi), half— the tetrahedron, for instance, is the hemihedral form of 
to octahedron j or by to three-quarters of its faces, when it is 

termed to Greek l^rapros (tetartos), a quarter. 
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Tkere are ■ two forms of . cristobalite with the transition' point at 270® as 
incMcated In Fig. 327. ■ 



Amorphous silica. — ^Amorphous silica occurs in nature associated 
with 3 to 12 per cent, of water in the mineral opal, which may be colourless 
or tinted yeilowish-brown, etc., with iron oxide, organic matter, etc. 
Chert, flint, chalcedony, and jasper contain more or less amorphous silica 
associated with quartz. The crystalline characteristics are so diiSieult 
to recognize that these minerals were once thought to be amorphous 
silica, and they are said to be cryptocrystaliine— from the Greek ^pwroi* 
(cryptos), hidden. The silica of diatomaoeous earth is opaline and 
soluble in alkaline carbonate solutions, although the silica in some of the 
older deposits has begun to crystallize as quartz. 

Properties of silica. — Silica melts to a colourless glass-— quartz glass 
— in the oxyhydrogen blowpipe. The melting point of quartz is not well 
defined. Melting commences about 1600'^. Silica can be vaporized in 
the electric furnace. The specific gravity of vitreous silica is about 2*22. 
The coefficient of thermal expansion of vitreous quartz is remarkably 
small — ^nearly 0*0000005 — so that quartz glass can be very rapidly cooled 
without cracking. For instance, quartz glass can be heated red hot in 
the blowpipe and plunged in cold water without fracture ; under the same 
conditions, ordinary glass — ^with a coefficient of thermal expansion of 
0‘000008— would shatter into small fragments. When heated for some 
time at about 1250"^, the vitreous quartz passes into the crystalline con- 
dition (tridymite), and it will not then bear the sudden heating and cooling 
so well. 

Silica is reduced by carbon in the electric furnace and forms carborun- 
dum iq.v ,) ; it is reduced by magnesium to amorphous silicon. Crystalline 
and vitreous silica appear to be insoluble in water and in all acids except 
hydrofluoric acid. Fused silica is reaffiiy attacked by phosj>horio acid 
and by the alkalies. Crystalline , silica is slowly attacked by aqueoiis, 
solutions of ailcaline hydroxide, ai^ carbonates, but the amorphous 
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variety is rapidly attacked. Silica is also attacked by superheated water, 
and a small quantity may pass into solution. The necessary conditions 
seem to prevail in deep-seated cavities in the earth. The water rising to 
the surface is cooled, and the pressure reduced. Some of the dissolved 
silica is then deposited at the mouth of the spring as a thick jelly. This 
afterwards changes into a hard white porous mass called geyserite. The 
Great Geyser of Iceland, for instance, is surrounded by a large mound or 
hillock of siHca with a funnel-Hke cavity from which the geyser discharges. 
Similar geysers occur in the Hot Springs of New Zealand, the geysers and 
hot springs of Yellowstone Park, U.S.A., etc. Some petrifying sowings 
owe their power to the silicic acid they hold in solution. In many eases 
— e.g, the mineral springs at Yellowstone Park—the aU?;alinity of the water 
facilitates the solution of the silica. The alkaline silicates are decomposed 
by the carbon dioxide of the atmosphere and the silica is deposited as 
geyserite or “siliceous sinter” in the neighbourhood. In general, the 
decomposition of the silicates by exposure to the atmosphere, or the 
weathering of silicates, furnishes amorphous or opaline silica. 

Although chemically inactive at ordinary temperatures, silica acts as 
a powerful acid anhydride at high temperatures, combining with the bases 
and many metallic oxides to form more or less fusible silicates. t\Tien 
silica is fused with sodium carbonate, the carbon dioxide is expelled 
with effervescence. The reaction NagCOg + SiO^ = NagSiOg -f COg 
formally resembles the action of sulphur dioxide on the same salt : NagCOg 
4- SOg === NagSOg + COg. The sodium silicate, when dissolved in water, is 
decomposed by sulphuric acid and silicic acid is set free : NagSiOg -f H 2 SO 4 
= Na 2 S 04 + HgSiOg. The two end-products can be separated by dialysis. 
Hence sodium silicate behaves like other salts, and SiOg is called silicic 
anhydride in the same sense that SOg is called sulphurous anhydride. 
The more fusible silicates — e,g, lead silicate — are used in making glasses 
and pottery glazes. Potassium and sodium silicates are soluble in water, 
and the aqueous solution is sold as water glass, and the solid as soluble 
glass. The powerful acid character of silica at high temperatures turns 
on the fact that most of the acid anhydrides — SO 3 , PgOg, etc. — volatilize 
at much lower temperatures, and consequently, as soon as ever so little, 
say, sulphur trioxide is displaced, the volatile anhydride passes aw’ay and 
ceases to compete with the silica for the base. At lower temperatures, 
sulphur trioxide rapidly displaces silica from the bases when competing 
under equal conditions. 

Uses of silica. — In 1839 M. A. Gaudin showed that quartz can be 
melted and then worked like glass, but the fact attracted no particular 
attention until comparatively recent years. Quartz glass is used for the 
manufacture of elastic threai^ to suspend the delicate parts of electrical 
instruments. It is made into tubes, flasks, dishes, etc. Sandstone and 
quartzite are used for building stones, grindstones, whetstones, etc. Sand 
or sandstone is ground with a little lime or binding clay and made into 
refractory bricks, “ ganister bricks,” “ silica bricks,” “ Dinas bricks,” etc. 
Many varieties of quartz are shaped into ornaments and gems. Diatoma- 
ceous earth — also called tripoU, diatcmiU, Meselguhf^ or (wrongly) infusorial 
mrthf etc. — is used as a polishing powder, in the manufacture of cement, 
soluble glass, and heat-insulating bricks. Its absorbent properties are 
utilized in pharmacy, etc., for the preparations of solids saturated with 
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liquid, antiseptics for dry dressings for wounds, etc, ; it is also used for 
absorbing bromine, sulphuric acid, nitroglyceroi, etc. The nitrogylcerol 
then forms 

The sulphur analogue of silica— silicon disulphide, SiS 3— can be made 
by heating an intimate mixture of amorphous silicon and sulphur at 100®, 
and then projecting the mass, in small portions at a time, into a red-hot 
crucible. By sublimation under reduced pressure, long, white, silky 
needles are obtained which burn in air to silica and sulphur dioxide ; and 
with water furnish hydrogen sulphide and silica. Silicon monosuiphide, 
SiS, has also been made in two different forms : The one, orange-yellow 
in colour, hydinlyzes in water furnishing hydrogen sulphide and silicic 
acid : 2SiS + SHgO = 2H2S + H2Si03 -j- Si ; the other, black in colour, 
furnishes silicon and silicon disulphide -when heated : 2SiS *-> Si + SiSg. 
Stannous sulphide, SnS, decomposes similarly and' furnishes stannic 
sulphide and tin. 

§ 2. Silicic Acids. 

If the soluble alkaline silicates be treated with acids, an amorphous 
gelatinous mass called “silicic acid” is obtained. This is appreciably 
soluble in water and in acids, and is readily dissolved by dilute solutions 
of the alkali hydroxides and carbonates. The jelly-like mass, when dried 
in air, retains about 16 per cent, of water ; and at 100°, about 13 per cent. 
The mass is then practically insoluble in w'^ater and acids. By further 
heating more and more water is expelled, thus, at 200°, about 5-| per cent, 
of water remains ; at 300°, about 3 per cent. ; and eventually, at about 
500°, anhydrous silica is formed. The dehydration curve showing the 
vapour pressures of “ hydrates ” of different composition shows no 
“ breaks ” as would probably be the case if definite hydrates were formed. 
These facts correspond with the great variations C. Bremy found in the 
degree of hydration of natural opals dried m vacua. The percentage 
amount of water varied from 1*5 to 12*1 per cent. If “silicic acid” 
which has been heated to 200° be exposed to a moist atmosphere, water 
is again absorbed, and the vapour pressure of the “ hydrate ” is greater 
than the original “ hydrate ” of the same composition. This shows that 
the water is probably less firmly retained by the re-hydrated silicic acid, 
A dilute solution of sodium carbonate — say, 5 per cent. — dissolves ail the 
above-mentioned silicio acids. The rate of solution and possibly also 
the solubility of “ silicic acid ” is smaller the higher the temperature at 
which the hydrate has been heated. Silica which has been calcined at 
1000° is dissolved with extreme slowness. Native quartz is almost 
insoluble in 0 per cent, sodium carbonate, but if finely powdered, appreci- 
able quantities are dissolved in a short time. 

When a solution of water glass (sodium or potassium silicate, say, 
NagSiOg) is acidified with hydrochloric acid, some of the silicic acid 
separates as a gelatinous mass (hydrogel) and some remains in solution 
(hydrosoi). If the solution be sufficiently dilute, the silicic acid will all 
remain in solution along with the excess of hydrochloric acid, and the 
sodium chloride formed in the reaction : NagSiOg -j- 2H01 ^ HgSiOg 
4- 2NaCL The hydrochloric acid and the sodium chloride can be separated 
from the silicic acid by dialysis (F&. X18). To avoid the trouble of 

' ' ^ 2 h2 
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at ordinary temperatares— rapidly on warming— ,^-siiicic acid wMcii is 
soluble, but is precipitated by tbe reagents, just mentioned Tlie ^«-acid 
is converted . into the a-acid by warming its aqueous solution. Solutions 
of alkaline silicates of the tjlJe: ■^.48104, RgSiC.^, give solutions 

of the a-acid; and, ordinary water glass, or, the silicate,' 9, give 
the jS-acM. Osmotic pressure phenomena indicate that the molecular 
weight of the /S*acid approaches 49 , 000 , and it is accordingly inferred that 
the molecule is Yery complex. The attempt to determine the molecular 
weights of colloidal suspensions by osmotic and related phenomena is 
irrational because the wdiole argument on which the methods are based 
is alone applicable to homogeneous media, and not to colloidal suspensions. 


§ 3 . The Silicates. 

Starting vdth orthosillcic acid, ^[48104 or Si(OH)4, this is supposed to 
pass into metasilicic acid, HgSiOs or SiO(OH)2, by the loss of one molecule 
of water. These acids correspond respectively with the ortho- and meta- 
silicates. Ethyl orthosilicate, Si{OC2H5)4, is formed by the action of 
alcohol on siiicofluoroform, SiHEg, Among other orthosilicates, we 
■have ; ■ 


HO. .. .OH 
HO^^i^OH 

Orthosilicic acid. 


NaO. .ONa 

NaO^^^^ONa 


Zn<X>Si<X>Zn 


Orthosilicic acid. Sodium orthosilicate. Zinc orthosiiicate (wiliemite). 

as well as olivine^ Mg2Si04 ; zircon (zirconium, quadrivalent), 2r8i04 ; 
tephroite, MiiaSiO^i ; fayalite, ^6^8104 ; etc. Among the metasilicates ; 


HO. 

JJQ>Sl-0 

Metasilicic 

acid. 


|g>Si=0 

Potassium 

metasilicate. 


Ca<0>8i=O 

Calcium meta- 
silicate (woUastonite). 


=A1— 0.. q ._ 

Aluminium 

metasilicate. 


as well as enstafMe, MgSiOg ; rhodonite, MnSiOg ; etc. Andalusite, cyaniie or 
disthene, and sillimanite are three dif erent crystalline forms of aluminium 
silicate, AlgOa-SiOg, etc. En passant, it is interesting to note that a 
sodium metasulphosiiicate, Na^SiSg, has been made by melting sodium 
sulphide with silicon disulphide. The brownish-black mass gives silica 
and hydrogen sulphide tvlien treated with water. 

Two molecules of orthosilicic acid may be condensed into one molecule 
of orthodisilicic acid, H6Si207, and hence we obtain a series of orthodi- 
silicates ; 


/Uti’ 
.8ie-0H 
X ^OH 

Xsi/Sl 

\)H 

Orihodisiiloic acid. 


0<; g>Mg 

Magnesium orthpdisilicate 
(serpentine). : . 


0 \ g>Pb 
®\g>rb 

Lead orthodisilicat© 
(barysilite). 


Similarly, by the loss of one molecui^_ of ^watier.; between two moleoulek 
of m.€’jtasilicio acid, the two mdleculeS|pf the meta-acid can l3e condensed 
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to one molecule of metadisilicic acid, HgSiaOg. Corresponding naetadi- 
silicates are well known. Similarly, ortho- and meta-trisilicic acids can 
foe derived from three molecules of the respective acids. In addition to 
these silicates, hydrated, acid, and foasic silicates are known. Many of 
the doulble silicates of aluminium and the foases are foest referred to un- 
known alumino-silicic acids as indicated later. The system used in naming 
the silicates just indicated is conveniently summarized in Table LX. 


Table LX. — ^Naming the Silicates. 


Name, 

Hypotheti- 
cal acid. 

Silicate (R^). 

Mono- 

Di- 

Tri- 

Poly. 

Meta- . . 

Ortho- . 
Para- . 

HoO.SiOo 

2H.O.SiOo 

SH^O.SiOa 

RgO.SiOa 
2R20.Si02 
SRaO.SiOg : 

R20.2SiOo 

3R.0.2Si02 

RgO.SSiOg 

2Ro0.3Si02 

SR^O.SSiOa 

R20.wSiOo 

2R20.nSi0r 

SRgO.nSiOg 


Since we really know little more than the empirical formulse of most 
of the silicates, the numerous attempts which have been made to classify 
the different silicates are more or less tentative, or speculative. The alka- 
line silicates are soluble in water, forming the so-called soluble glass ; the 
other silicates are not usually soluble in water. Many of the simple 
silicates are attacked by hydrochloric acid, particularly if they have been 
roasted at a dull red heat. The silicic acid then separates as a gelatinous 
mass. The insoluble siHcates are usually brought into solution for analysis 
by fusion with sodium carbonate, and the cold ‘‘ cake ” broken down by 
treatment with dilute hydrochloric acid. When the solution is evaporated 
to dryness, nearly ah the silica separates in a form insoluble in dilute 
hydrocliioric acid. The other constituents are dissolved by the dilute 
acid. The hydroxides of titanium, aluminium and iron are precipitated 
by ammonia from the filtrate from the silica. The iron and titanium can 
he separately determined in the precipitate and the alumina is obtained 
by difference. The magnesia and lime are determined in the filtrate 
from the precipitate by ammonia. The alkalies are determined on a 
separate sample. 

The formation of metallic silicates is well illustrated by a familiar experiment — 
silica garden : a litre beaker or bottle is filled with a solution o£ sodium silicate 
(sp. gr. l*i) and crystals of, say, cobalt nitrate, cadmium nitrate, copper sulphate, 
ferrous sulpha^, nickel sulphate, manganese sulphate, zinc sulphate, etc., are 
allowed to fall into the beaker so as to rest on different parts of the bottom. The 
, whole is allowed to stand overnight in a quiet place, when plant-like shoots 
’ appear to grow from the crystals. The stalks and fronds have a form and colour 
cnaracteristio of the metal salt TOd as “ seed.” Similar plant -like growths can 
be obtained by using other sclutions — a granule of copper sulphate and sugar 
in a solution of potassium ferrocyanido and gelatine. It has been said that these 
growths mimic real plants. The j^bwths are, of course, no more related to real 
plants than a living man is related to^iis statue. The phenomenon is an effect 
osmotic pressure* , '.V'., ^ ■: 
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§ 4. The Aiuminosilicates. 

Certain , compound silicates of aluminium with other, bases appear to 
be “ complex ” aluminosilicates no more closely related to the silicates 
proper than the ferrocyanides are related to the cyanides. Just as it is 
convenient to refer the different silicates to more or less hypothetical 
silicic acids, so it is often convenient to refer many of the compound 
silicates to hypothetical aiuminosilicic acids. 


Aiumino-monosilicic acid 
Alumino-disilicic acid . 
Alumino-trisilicic acid . 
Alumino-tetrasiiicic acid 
Alumino-pentasilicic acid 
Alumino-hexasilicic acid. 


AlgO g.SiO 2.^^H20 

AL03.2Si0^.nH^0 

AI2O3.3SiO2.nH2O 

A1 2 O 3 . 4SiO ^.nH oO 

Al.,0..5Bi0:.nH;0 

Al2O3.6SiO2.nH3O 


Thus,7caoKm^e, Al2O3.2SiO2.2H2O, appears to be an alumino-disilicic acid 
which has been called kaolinic acid, H^AlgSiaOg ; anortJiite or lime-felspar^ 
Ca0.Al203.2Si02, the calcium salt, and soda-anorthite or carnegieitef 
Na20.Ai303.2Si02, the sodium salt of a similar acid, etc. Graphically, 
with the system indicated on p. 777, aluminium a triad, silicon a tetrad : 


jjO>^a<o,si;0>^ 

HO OH 

Kaolinite, 


Ca<X>Ai2< 


O.Si:0. 

O.Si:0" 


0 

Anorthite. 


With natroUte, Na20.Al203.3Si02, and Uucite, K20.Al203.4Si02, we have 
salts of aluminotri- and aluminotetra-silicic acids respectively : 


biO<o>A<o.SiO>® 

NaO ONa 

Natrolite. 


O^SiO.O ^ .O.SiO o 
^^Si0.0^^2<o.SiO^^ 

KOOK 

Leucite. 


Poiash-felspar, ovorthoclase, KaO-AlaOs-eSiOs, is regarded as the potassium 
gait, albite or soda-felspar, NaaO-AljOg-eSiOa, the sodium salt, and the 
emeraU the beryUium salt, SBeO.AlaOj.eSiOa, of an alumino-hexasilicic 
acid : 

„ .Si : 0.0^ 4, ^O.Si : O. ai 

°<Si : 0.0>^""^0.Si : ®®<O.Si : 0.0>^"<O.Si : 0.0>^ 

0 0 O O 

0:SiSi:0 0:SiSi;0 

6 6 0 0 

K K V 

Be 

-fAlfiirin.i* nt* f^rilioclasc- Knicralcl, 


Potash felspar, or orthoclase. 


There are many other systems of representing the constitution of the 
silicates. We know so little about the interior of the molecules that the 
value of st^stems of formul£e is mainly as a basis of classification, io 
avoid hypotheses, the silicate industries usually employ the old system ot 


954 MODERN INOEGiNIO CHEMISTRY 

J. J, Berzelius for the enipirical formulse, thus potash-felspar becomes 
K20.Al203.6Si02 and not KAlSigOg ; etc. 

Eelspathic rocks are fairly common, and thus a comparatively large 
supply of potash would be avadabk for fertilizing pmposes if a^ 
enough method of extraction could be devised to enable the product 
to compete with that obtained elsewhere. Many methods have been 
devised although none as yet have proved commercially successful— e.g, 
J. G. A. Rhodin sintered a mixture of felspar, lime, common salt,^ and 
obtained the potassium as potassium chloride when the mass was lixiviated 
■with water, and the solution crystallized. The leucite in Italy can be 
treated by several different methods : (1) When leached wdth sulphuric 
acid, it furnishes a solution of potassium aluminium sulphate which, on 
crystallization, yields alum, and the remaining silica dissolves in soda-lye 
yielding water-glass, (2) When leucite is treated with hydrochloric acid, 
potassium chloride and aluminium chloride are produced ; and (3) when 
leucite is treated with caustic lime in an autoclave, caustic potash, alumina, 
and calcium silicate are formed. 

Weathering of rocks. — Rocks generally show striking differences in 
beha^nour when exposed for long periods of time ; some remain hard 
and firm, others crumble to powder in a comparatively short time. 
Many ancient Egyptians and Grecian monuments show but slight 
symptoms of decay, whereas in other countries buildings made from 
apparently similar rocks soon deteriorate and are saved from disintegration 
only by a continued system of renovation. Calcareous building stones — 
e.g. the Houses of Parliament (London) — decay comparatively quickly 
when exposed to the acidic vapours which occur in the atmospheres 
of towns. When potash felspar and many other natural alumino- 
silicates are exposed to certain natural influences, they are finally con- 
verted into insoluble white crystalline or amorphous {colloidal) powder 
— clay, and other materials. 

Formation of clays, — The early stages of the decomposition — ^weather- 
ing — of the felspathic rocks is indicated by the apparent clouding of the 
crystals of felspar ; the felspar becomes more and more opaque ; and finally 
disintegrates. As indicated above, the decomposition of silicate rocks 
exposed to weathering agents apparently furnishes colloidal silica — 
opal — and one of the last stages in the decomposition of felspar, and 
many other alumino-silicates, is clay. Consequently, the weathering of 
the alumino-siiicates furnishes clay in a more or less colloidal condition. 
Granitic rocks, with felspar as a matrix, Fig. 3, disintegrate and leave 
behind the clay, mixed with the more or less resistant varieties of 
mica, quartz, and other minerals which originally formed the granitic 
rock. The more important agents which facilitate the decomposition 
and disintegration— weathering — of the aluminium silicates are : (1) Vol- 
canic gases (steam, hydrofluoric acid vapours, etc.). (2) Water draining 
from peat bogs, and coal beds. This water contains organic acids in 
solution. (3) Spring or rain water containing carbon dioxide, etc., in 
solution. The bases derived from the decomposition of the rocks are 
partly retamed by the soil, and partly transformed into carbonates ; the 
silicic acid is partly carried to the sea where it is utilized for building up 
the skeietes of various oi^anisms, md partly retained on land where it 
Umt^ with basic rninerals formings, steatite, serpentine, etc. The clay 
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may be leached by streams of water from the place where it was formed, 
traiivsported from the hills, and deposited at lower levels. All kinds of 
debris from the rocks and soils, etc., over which the clays are carried may 
be transported along with the clay. Hence, the transported clays are the 
washings and sweepings of the hills which nature has accumulated as 
rubbish heaps in convenient places. These slow and insidious processes 
are contimially at work levelling down the hills and mountains : 

The hills are shadows and they flow 
From form to form and nothing stands ,i 

They melt like mists the solid lands. 

Like clouds they shape themselves and go.*— TENNyso>T, 

Transported clays are usually, but not always, less pure than the residual 
primary clays. The residual clays formed by the weathering of the less 
ferruginous granitic rocks, after an elaborate process of washing and 
settling, furnish white chvm clay, which has very nearly the empirical 
composition: Al2O3.2SiO2.2H2O. China clay is often called “kaolin,” 
generally outside the industry. The disintegrated granite from which 
china clay is washed is called china clay roch ; a less disintegrated variety 
with more unweathered felspar is called stone; and the grading 

of Cornish stone is based on the degree of disintegration or weathering 
it has undergone. The object of the washing china clay rock is to separate 
the china clay from the unweathered quartz, mica, etc. The crystalline 
mineral with the same ultimate composition as the purer foi'ms of china 
clay is called Jcaolinite, 

The term clay is applied industrially to a fine-grained mixture of various 
minerals which has these qualities : (1) It is plastic enough to be moulded 
when it is wet ; (2) It retains its shape when dried in spite of a certain 
amount of contraction ; and (3) When the moulded mass is heated to a 
high enough temperature it sinters together forming a hard coherent mass 
without losing its original contour. These properties have given clays 
a most important place — probably third or fourth — ^in the world’s 
industries. Clays are used in the manufacture of building bricks, tiles, 
firebricks, crucibles, gas retorts, sanitary goods, pottery, etc. ; china clay 
is also extensively employed for filling paper, cotton, etc. Fuller’s earth 
is a kind of non-plastic clay which disintegrates to a fine powder when 
placed in water. The washed powder was once used for “fulling” 
cloth — ^hence the name. It is now largely used for clarifying and 
deodorizing oils, etc. In this respect, it behaves like charcoal on coloured 
solutions. 

Pottery and bricks.— British pottery is generally made from an intimate 
mixture of white-burning clay, with flint or quartz, and felspar or Cornish 
stone. The mixture is made into a slip (slurry) with water ; sieved j and 
partly de- watered by filter press or other convenient method, so as to fom 
a plastic mass. The mixture is moulded into the desired shape, dried, and 
fired between 1000® and 1200® according to the kind of ware being made. 
This forms the so-called “ biscuit ” bbdy. A fusible mixture— containing 
lead boro-silicate, clay, felspar, etc., ground together to form a “ slip ” 
with water — ^is then spread over the; surface of the’ biscuit body,” and 
the whole is refired to 900® or 1000®.^. The melted mixture covers the sur- 
face of the “body” with a glassy^film or glaze.” There are many 
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modifications. The ware may be decorated by painting coloured oxides 
on the biscuit body before glazing ; or by painting fusible enamels on the 
glaze and refiring ; or the glaze itself may be coloured with suitable oxides. 
Glaze and body may be fired in one operation with or without a preliminary 
baking of the body. There are also considerable variations in the com- 
position of the body and glaze. The chief varieties of pottery are earthen- 
ware — made from white-burning clays, Cornish stone, and flint ; vitreous 
ware, and ironstone — made from a similar mixture but containing more 
fluxes and fired at a higher temperature ; hard porcelain — ^made from clays, 
felspar, and quartz — ^with or without a little lime ; hone china- — ^made from 
bone ash, clay, and Cornish stone ; soft porcelain— -m&de from a calcareous 
marl and glaky frit ; parians—ma^de from a mixture of felspar and clay ; 
and the commoner varieties of pottery — terra-cotta ware, etc. — ^made from 
special mixtures— often local clays glazed with a mixtui’e containing galena, 
etc. There are all grades of porosity varying by insensible gradations 
from translucent glassy porcelain, to the most porous terra-cotta. No 
satisfactory basis of classification has been devised. Drain pipes are 
also made from local clays, which burn a buff or red colour, and glazed 
by throwing salt into the kiln. The salt decrepitates, volatilizes, and the 
vapours attack the surface of the clayware, covering it with a glass-like skin 
— salt glaze, Tobacco pipes (unglazed) are made from siliceous clays, that 
is, from clays containing more or less finely divided silica. Firehrichs are 
made from refractory clays which soften at about 1580®. The refractory 
clay is moulded by hand or-machinery, and fired to about 1100®-1200®. 
Common building bricks are usually made from less refractory clays 
fired at a low temperature. 

Ultramarine. — ^Ultramarine or lapis lazuli — ^the sapphire of the Bible — 
occurs in nature as a blue, green, or violet coloured mixture of crystalline 
minerals, the most important of which is lazurite (not lazulite). It is con- 
sidered to be a silicate of aluminium and sodium with some combined 
sulphur ; but its constitution is by no means understood. Artificial 
ultramarine is a blue pigment made by calcining a mixture of china ciay^ 
sodium carbonate, charcoal, and sulphur in the absence of air. The green 
product is washed with water, dried, mixed with sulphur, and again 
roasted in air until the mass has acquired the required tint. Ultramarine 
is decomposed by acids with the evolution of hydrogen sulphide. It is 
used for neutralizing the yellowish tinge of sugar, cotton and linen goods, 
and in the laundry. It is also used as a blue pigment. The mineral has 
been almost superseded by the artificial product which is but one-fifth 
^ the^ price. 

Glass. — ^As previously indicated, glass is a solidified, undercooled solu- 
U tion of several silicates — ^most commonly potassium, calcium, and lead — 
and is made by fusing together a mixture of clean sand, limestone, or 
whiting or lime, sodium or potassium carbonate, and litharge or red lead 
in the right porportions. Traces of manganese dioxide or selenium are 
sometimes added to neutralize| the yellow or green tinge due to the presence 
of ferrous or ferric oxide present as impurity in the ingredients used in 
making the glass. The mixture is melted in fireclay pots, and when the 
molten mass has cooled to the right temperature, a portion is collected at 
the end of an iron tube and brou^t to the desired shape by forcing it into 
a mould, or blowing into the tube %nd twisting or swinging the plastic 
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mass of glass as required. Details of the procedure vary with the par- 
ticular objects being made. Rapidly cooled glass is brittle and liable to 
fracture, hence the glass is annealed m an annealing kiln where it can be 
cooled as slowly as desired. If cooled, too slowly the glass devitrifies, j.e. 
crystallizes, p. 198. . 

It has been said that ' ' few substances in daily use can be compared with 
glass ill point of importance or utility. Glass is so common and so cheap 
that we are apt to lose sight of its unique qualities. It is durable, trans- 
parent, and easily cleaned ; it can be readily coloured wdth metallic oxides ; 
it is capable of taking a high polish ; and, while in a fused condition, it 
can be made to assume almost any desired shape which it retains per- 
manently when cold. It is an indispensable agent in most of the experi- 
mental sciences — chemistry, physics, astronomy, etc.— and it is difficult 
to imagine how many operations could be carried on without its aid. 
Without glass we should be more than centuries behind in astronomy, 
bacteriology, and biology.” Window glass is a soda-lime sihcate. This 
type of glass is sometimes called “ soda-glass ” or “ soft glass,” and it is 
used for making chemical glass ware. Window glass, plate glass, and glass 
for table ware, and bottles are also made from the same constituents in 
diiferent proportions and of different degrees of purity. Bolmnian glass is 
a potash-lime silicate. It is a hard glass and fuses only at a high tempera- 
ture, hence itls used for making chemical apparatus designed to withstand 
high temperatures, gauge-tubes for boilers, etc. It also resists the solvent 
action of water better than soda-glass. Jena glass and Bohemian glass 
are varieties of potash-lime glass. BUnt glass is a lead potash silicate. 
It is lustrous, and refracts light much better than other types of glass. It 
is used for making lenses for optical purposes. Some varieties are made 
into artificial gems and ornamental glass. CtU glass is a variety of lead 
glass which is ground or “ cut ” on emery or carborundum wheels. Beside 
these special admixtures, metallic oxides may be added to colour the glass. 
Translucent or white glass is made by the addition of bone ash, or fluorspar, 
or cryolite. Boric acid is also used in the manufacture of glass with a 
high refractive index for optical purposes. 

§ 5. Carbon and Silicon Halides. 

We shall see, later on, that the elements carbon, siKcon, germanium, 
tin, and lead have a family relationship. They all form halides of the 
CF 4 , 0014 , etc. The tetrachlorides, for instance, are all Kquid at ordinary 
temperatures, and boil ; 

CCL SiCl4 GeCi4 SnCl4 PbCl4 

76^ 69 "^° 86° 113*9° decomposes when heated. 

Silicon tetrafiuoride, or tetrafluomethane, SiF 4 .— This gaseous com- 
pound is important. It was discovered by K. W* Scheele in 1771. It was 
afterwards made by J, Priestley, and its composition determined by J. L. 
Gay-Lussac and J. Th4nard, 1808 ; J. Davy, 1812 ; and J. J. Berzelius 
1824. Silicon tetrafiuoride is made by the' direct action of fluorine on 
amorphous silicon. Carbon fluoride, it may be added, is made by the 
direct action of the elements. Silicon fluoride is also made by the action 
of hydrofluoric acid upon silica or m a silicate— glass : SiO^ + 4HF 
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-^2H20 -r SiP4. The other fluorides of the family indicated above can 
be made by the action of hydrofluoric acid on the elements. Silicon tetra- 
fluoride is usually made by the action of hydro- 
fluoric acid derived from a mixture of calcium J 

fluoride and sulphuric acid upon silica. The mix- f 

ture is heated in a flask — ^illustrated in Eig. 329 
— fitted with a safety funnel containing mercury. | 

•An' excess of sulphuric acid is used to absorb ' I 
the water formed during the reaction. 1 

Properties of silicon fluorMe.“~SilicoB tetra- 
fluoride is a colourless gas with a pungent odour ; 

resembling hydrogen chloride. The density of the 
gas is 104*2 (oxygen = 32). This corresponds 
with the formula SiE4. SiMcon tetrafluoride con- , 

denses to a colourless liquid which boils at —65° 
of Hydro6uosilicie Acid, under a pressure of nearly 2f atmospheres ; aud it " 

solidifies when cooled still further, forming a white 
solid which melts at —77°. It can be sublimed without liquefaction at 
—90° at ordinary pressures. Glass is not attacked by dry silicon tetra- 
fluoride. If the gas be passed over heated potassium it is decomposed 
with the separation of amorphous silicon : SiF4 + 4K == Si -f 4KF. 

Hydrofluosilicic acid, H2SiF4.— If silicon tetrafluoride be passed into 
water, it decomposes, gelatinous silicic acid is precipitated, and hydrogen 
fluoride is formed : SiF4 + 4H2O = Si(OH)4 -f 4HF. The hydrogen 
fluoride immediately combines with a molecule of silicon tetrafluoride, pro- 
ducing an aqueous solution of hydrofluosilicic acid. The whole reaction is 
written : BSiF4 + 4H2O = Si(OH)4 -f- 2H2SiF6. In order to prevent the 
choking of the delivery tube by the separation of silicic acid when the 
silicon tetrafluoride is passed into water, it is well to let the delivery tube 
dip beiow' a little mercury, u, Fig. 329, placed at the bottom of the vessel 
of water. The aqueous layer is frequently stirred to prevent the formation 
of channels of silicic acid through which the gas can escape into the 
atmosphere without coming in contact with the water. This is a good i 

method of making hydrofluosilicic acid. The silicic acid is separated 
from the aqueous solution by filtration ; the aqueous solution cannot be 
concentrated very much by evaporation because it decomposes into 
silicon tetrafluoride and hydrogen fluoride. A soM hydrate H2SiFQ.2H20 
has been prepared. 

Hydrofluosilicic acid reddens blue litmus, and it is neutralized by the 
bases forming salts, fiuosilicates. For instance, with potassium hydroxide, 
it forms potassium fluosiiicate : 2KOH 4- HgSiFe = KgSiFe 2H2O. 

Here the ion BiF/ behaves as a bi- valent anion. Most of the fiuosilicates 
are fairly soluble in water, but the potassium and barium fluosilicates 
are dissolved with diflicuity. Hence the use of hj’^drofluosilicic acid in 
testing for barium salts, and in the estimation of potassium. Hydro- 
fluosilicic acid is used for giving wood a stone-like surface. The wood - 

is first ^soaked in lime water and then treated with hydrofluosilicic acid. 

The acid is also used as an antiseptic in medicine. 

Silicon tetrachloride, or tetrachlorosilicomethane, BiCl4. — Wb have 
seen that carbon tetrachloride,, OT4, 1$ the final substitution product of 
methane, p. 850, or of carbon; 3isti!pl!!de by chlorine. Germanium and 
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■lln tetrachlorides— G^eOl 4 and BnCl4— are made by the action of cliioriue 
on the elements j and lead tetrachloride, Pb.0i4, by the action of chlorine 
on an: hydrochloric solution of lead dichloride. Carbon' tetrachloride 
caiinot be mad© by the dhect action of chlorine on carbon ; but sliicoii 
tetrachloride can be made by heating silicon, ferrosilicoii, silicon carbide, 
or. ail' intimate mixture of carbon -and silicon dioxide, in a stream of 
chlorine : 'Si02 + 20 *-f- 201 g — SiCi4 + 200. The liquid which cQ.ndense8 
can be freed from the excess of chlorine by shaking it with merciiiy, 'and' 
redistilling.' The colourless fuming liquid so obtained fumes in moist .air. 
It has 'a vapour density and composition -corresponding with B'iCl4. It 
thus resembles carbon tetrachloride. Silicon tetrachloride boils at 53 'IP 
and freezes at — 89° ; carbon tetrachloride boils at 76° and freezes at —30°. 
Silicon tetrachloride is decomposed by water into silicic and hydrochloric 
acids : SiCi4 -f- SHgO ~ HgSiOs + 4HC1. Carbon tetrachloride *is not 
acted upon by water, while the other chlorides of the family arc decom- 
posed in dilute aqueous solutions if hydrochloric acid be present. Silicon 
tetmohloride combines with ammonia, forming silicon tetramide, Si(KH2)4» 
and ammonium chloride, SiCl^ 4- 8NH3 ^ 4HH4CI -f- Si(NH2)4. This 
compound when heated iomissilicon diimide, Si(NH)2, and silicon nitride, 

If the vapour of silicon tetrachloride be passed through a hot tube 
containing silicon, silicon hexachloride, SigCie, is formed: 381014 + Hi 
:5= 2Si2CiQ. Silicon hexachioride is a mobile fuming liquid boiling between 
146® and 148°, and freezing at -^1°. Silicon hexachioride dissociates 
when heated to 350® ; 2Si2Cig # Si + 3SiCl4, and the dissociation is prac- 
tically complete at 800®. If, however, the silicon hexachioride be rapidly 
heated to 1000®, it has not time to dissociate to any great extent in passing 
through 350® to 1000®, and the compound is stable above 1000®. Allied 
phenomena have been previously studied, pp. 219, etc. 

Perchlorethane, or carbon hexachioride, CgClg, is analogous with 
silicon hexachioride ; the former boils at 187®, the latter at 147®. The 
relations of the two are shown graphically : 

/Cl 


Civ /V. 

cASi— Sifci 

Cl ' 

ISiUoon hexachioride. 


Ch XI 

Ci-X— Or-Ci 
OK '■'Cl 

Carbon hexachioride. 


Silicon hexachioride is hydrolyzed by water, Riming silico-oxalic acid, 
81211304, analogous with oxalic acid, CgHgO 4. 
two acids is indicated graphically ; 

O-Si— OH 
0-Si— OH 

Silico -oxalic acid. 


The relation between these 

0-C— OH 
OH 

Oxalic acid. 


The compounds SiaOla and Cads are knovm ; the former boils at 212°, 
the latter at 269°. Silicon ootochloride is hydrolyzed by water, furnishing 
silico-mesoxalio aoid, Si303{OH)4, analogous with mesoxalio acid, 
030 „(OH),i, graphically : 

0=Si— OH ■ , O=C!~0H 

HO—Si—OH . HO— 0~0H 

0=&— OH ^ 0=0~0H 

Silioo-mesoxalio acid. Masosaiio arad. 
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Several other halogen compounds of silicon are known. silicon 

is heated to redness in a current of dry hydrogen chloride, or when the 
gaseous products of the action of hydrochloric acid on copper silicide are 
cooled by liquid air, a compound — ^silico-chlorofrom, SiHClg — ^is formed, 
boiling at 34°. The corresponding compound of carbon — chloroform, 
CHCI3 — boils at 61° ; and the corresponing compound of germanium, 
GeHCls, boils at 72°. Although chloroform is not hydrolyzed by %vater, 
silico-chloroform with water forms leucone, SiH{OH)3, also called silico- 
formic acid. The corresponding carbon compound is not knoum. Leucone 
is somewhat unstable, for it readily loses water, forming the compound, 
HgSigOa, wliich is called silico-formic anhydride .* 



When heated, silico-formic anhydride breaks dovm into silicon, hydrogen, 
and silica : 2H2Si203 = Si + + SSiOg. Probably this reaction means 

that silicon hydride, SiH^, and silica are first produced, and that the former 
decomposes at once into its elements. A compound silico-fluoroform, 

SiHFg, can be made by the action of silico-chloroform on stannic duoridej, 

ShF^. It boils at —80*2°, the corresponding carbon compound — ^fiuoro- 
form, 0HF3— “boils at 20°. 

§ 6. Silicon. 

History. — Silicon does not occur free in nature, but, as indicated in 
our study of silica, numerous oxygen compounds are known. The process 
of manufacturing glass from silicates has been known from ancient times, 
and J. J. Becher (1669) believed that these silicates contained a peculiar 
earth wMch he called terra vitrescibilis (vitrifiable earth) ; this is now called 
silica.” It was known in the 17th century that Becher’s vitrifiable 
earth does not fuse when heated alone, and that a fusible glass is formed 
when it is heated with other earths, 0. Tachenius (1660) noticed that ^ 

the vitrifiable earth had acid rather than alkaline properties ; K. W. 

Scheeie (1773) showed it to have the characteristics of a refractory acid ; 
and J. L. M. Smithson (1811) considered it to be an acid rather than an 
aliialine earth. J, J. Berzelius prepared amorphous silicon in 1823 ; and 
H. St. C. Deville prepared crystalline silicon in 1854. 

Amorphous silicon. — ^This can be made by heating potassium or 
sodium in an atmosphere of silicon chloride or silicon fiuoride : SiF4 -j- 4K 
= Si + 4E1F. The brown mass so formed is washed with water and hydro- 
fluoric acid, heated at a dull red heat, and finally washed and dried"! It 
is also formed by heating a mixture of sodium or potassium fiuosilicate 
with metallic potassium : KgSiFg -f 4K = Si -f 6KF. The brown mass 
is cleaned as before. Quaitz is reduced to silicon when it is intimately 
mixed with magnesium powder and heated ; SiOg -f 2Mg = Si + 2Mg(). 

Amorphous silicon is a dark brown amorphous powder with a specific 
gravity 2*35. It melts at about 1500°, and volatilizes in the electric arc. 

When calcined in air, a surface skin of silica is formed which protects the 
element from complete oxidation,:. S^con ignites in chlorine at about 
450°, and burns to silicon tetrachloride. If silicon be heated with hydrogen 
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oHoride, free hydrogen and silicon tetrachloride are iormed : 81: + : 4HCi 
SiCl4 + 2 H 2 (c/. p. ll5). Siliconisinsoluhleinwater and most acids ; but 
it, dissolves in hydrofluoric acid forming hydrofluosilicic acid : /Si +' 6H1 
== 2 II 2 + .H 2 SiE 6 . When boiled with alkaline hydroxides it forms hydro- , 
gen and alkaline silicate as indicated on p. 115. 

Crystalline silicon. — Crystalline , silicon is made by dissolving silicon 
in molten metals, and on cooKng, part of the silicon separates from the 
solution in a crystalline condition. By passing a stream of silicon tetra- 
chloride vapour over aluminium previously melted in an atmosphere of 
hydrogen, the volatile aluminium chloride passes on, and the silicon 
liberated by the reaction: 3SiCi4 + 4A1 = 3Si + 4AiCl3, dissolves in 
the molten aluminium. A& the molten aluminium cools, silicon separates 
in long lustrous crystals. The aluminium can be separated by treatment 
with hydrochloric acid. Crystalline silicon is also made by heating a 
mixture of potassium or sodium silicofluoride, or powdered silica, with an 
excess of aluminium : 4A1 + SKgSiFg — 3Si + BKLE + AAlFg. The 

silicon dissolves in the excess of molten aluminium. The cold solution is 
treated with hydrochloric acid to remove aluminium, and with hydro- 
fluoric acid to remove silica. Silica is reduced when heated with metallic 
magnesium : SiOg + 2Mg = 2MgO + Si ; if an excess of magnesium be 
employed, magnesium silicide, MgoSi, is formed. Both it and magnesium 
oxide can be removed by treatment with hydrocliloric acid. Crystalline 
silicon has been made commercially by heating quartz with coke in the 
electric furnace : SiOg + 20 = 200 + Si. If too much coke be used, 
carborundum is formed. Silicon so prepared is sold in metallic -looking 
lumps and used in the manufacture of alloys. 

Crystalline silicon forms dark grey opaque needle-like crystals or 
octahedral plates (cubic system). It is hard enough to scratch glass. 
Its specific gravity varies between 2*34 and 3, according to the temperatoe 
to which it has been heated. It bums when heated in chlorine and fires 
spontaneously in fluorine. Silicon is insoluble in acids, but dissolves in a 
mixture of nitric and hydrofluoric acids. It melts about 1500°, and distils 
in the electric furnace. Crystalline silicon slightly conducts electricity, 
amorphous silicon does not. Chemically, crystalline silicon resembles 
amorphous silicon, but it is not so active. Silicon combines with nitrogen, 
forming silicon nitride, and also with the metals, forming silicides. 
Siloxicon is the trade name for a greyish-green granular powder formed by 
heating a mixture of silica with carbon to about 2500° in an electric 
furnace. It varies in composition between SiaCgO and Si 7 C 70 . It is used 
as a refractory material when shaped into bricks, furnace linings, etc. 

Silicon carbide, carbon silicide, carborundum— SiC.— This compound 
is made by fusing a mixture of coke and sand in an electric resistance 
furnace— estimated temperature 3500°. The furnace is a large oblong 
box with permanent ends, and temporary sides. Large carbon electrodes 
are fitted into the two ends, and project into the furnace. Granulated 
coke is packed between the electrodes. A mixture of sand and coke, with 
some salt to make the mass fusible, and some sawdust to make the mass 
porous, is packed about the carbon core and held in place by the side 
walls of loosely packed bricks. The furnace is illustrated cliagram- 
matically in Fig. 330, A powerM^current of electricity is sent through 
the charge. The change which takes place is represented by the symbols : 
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SiOa -f 30 SiC + 200. The opemtion is over in about eight lioiirs. 
The furnace is then allowed to cool ; the side walls are removed;, and the 

silicon carbide, removed. The : best 
grades are found, nearest the, core.' 
The product is crushed and treated 
with, sulphuric acid to remove im- 
purities it is then washed, dried, 
and graded according to„size. , 
Carborundum crystailizes. .'in 
hexagonal plates .when pure,,.; ' .it 
may be transparent and colourless, 
or vary in tint from emerald green 
to brown or black. The latter 
varieties are most .common, The 
specific gravity is 3*2. It is not 
attacked by acids — even hydrofluoric acid. It is decomposed fusion 
with alkaline hydroxides. It is nearly as hard as the diamond, and 
accordingly is largely used as an abrasive powder and made into whet- 
stones, hones, grinding wheels, polishing cloths, etc. It is also very 
refractory, and when mixed with clay has special uses as a refractory 
material for protecting furnace walls, etc. 

Atomic weight. — The atomic weight determined by the analysis 
of silicon tetrachloride, silicon tetrabromide, etc., by different experi- 
menters, lies betw^een 27*95 and 28*38; the best representative value is 
taken to be 28*3, if oxygen be 16 ; and this number corresponds with the 
molecular weight deduced from the vapour densities of the volatile com- 
pounds of silicon by Avogadro’s hypothesis. Dulong and Petit’s rule does 
not apply so well unless the specific heat be taken at 300°, 0*2032. 

§ 7. Hydrogen Compounds of Silicon. 

There are six compounds of silicon and hydrogen with the general 
formula SiwHaw-fo: silicon-methane or gaseous silicon hydride, SIH4, 
corresponding with methane, CH4 ; siiico-ethane or liquid silicon hydride, 
SigHg, corresponding with ethane, C2H6, etc. ; and two more or less doubt- 
ful products: silico-ethyleiie, Si2H4, and silico-acetylene or solid silicon 
hydride, SigHg, corresponding with acetylene, CgH^. 

Siiico- methane, SiH4, or silicane, or silane. — ^This gas is most conveni- 
ently made by the action of concentrated hydrochloric acid on magnesium 
silicide ^ whereby hydrogen gas containing 4 or 5 per cent, of silicane and a 
trace of siiico-ethane is formed. The latter is spontaneously inflammable 
in air, the former is not. Hence the gas prepared by the above described 
process is spontaneously inflammable in air. This property can be 
illustrated by the method employed with phosphine, Fig, 238. The 
hydrochloric acid is placed in the flask, and the flask is filled -with hydrogen 
gas ; the current of hydrogen is shut ofl, and the magnesium silicide is 
dropped into the acid. The hubbies of gas ignite as they rise to the surface 
of the water, forming rings of silicon dioxide. 

^ Magnesium silicide, MggSi, is made by heating sand with an excess of mag- 
nesium powder or hy fusing together 40 p#rts by weight of anhydrous magnesium 
chloride with sodium fiuosiiicate, 35 ; sodium chloride, 10; and sodium, ”20. 



Fig, 330. — Carborundum Furnace 
( Diagrammatic ). 
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By passing the dried gases from the magnesium 'siiicide and the acid 
through a tube surrounded by .liquid air, both .the SiH^ and the SioHe aro 
condensed to liquids. By fractional distillation of the condensed mass 
silico -methane , is obtained . as a ■ colourless ■ gas, "not , spontaneouslyv in- 
liammable , at , atmospheric pressure, but inflammable in air if ^ slightly 
warmed or . subjected to reduced pressure, Silico-methane burns with a 
bright flame, : forming silica and water i SiH4 + 20^ ■=: SiO.g d-'SHaO. 
When passed into alkaline ' solutions it decomposes, forming alkaline sili- 
cates and , hydrogen : Sill4 + '2K0H 4-. HgO = KgSiOg -f dHg. . The 
boiling point is —112°, and the melting point. —185°. W.heii heated to 
400° it '.decomposes into its elements,, amorphous silicon and .hydrogen.: 
SiHd — Si 4 2H2, The specific gravity and boiling point of the liquid and 
the melting point of the solid are indicated in the following scheme along 
with the values for methane : 


Methane, GH^ 
Silane, SiH 4 


Sp. gr. liquid. 
0-415 (at -164°) 
0*080 (at -185°) 


Boils at Melts at 
— 160° ' -184.° ' 

. -112° .. -185°.' 


Siiico-ethane, Si2He. — Hydrogen siiicide remains as a liquid when 
the silico-methane has been distilled from the liquefied gases obtained by 
the action of hydrochloric acid on magnesium siiicide, as described above. 
It is a colourless liquid, boiling at —15°, and solidifying at — 132-5°. It 
can be heated to 100°, in the absence of air, without decomposition ; hut at 
200° it decomposes into its elements hydrogen and amorphous silicon: 
Si^H^ = 3H2 4 2Si. It is spontaneously inflammable in air, burning to 
water and silica. Like silico-methane, this compound reacts vigorously 
with free halogens. A comparison of the properties of silico-ethane with 
those of ethane and diborane shows that 


Ethane, CgH,. . 
Diborane, 

SiUco-ethane“ Si 2 Hg 


Sp. gr. liquid, 
0*46 


Boils at 
-89*3° 
-87° 
-16° 


Similarly for the third member of the series, SiwH2?i-j-2 : 


Propane, CgHg . . 

Silico-propane, SigtXg 


Sp, gr. liquid, 
0*54 
0*743 


Similarly for the fourth member of the series 


Butane, O 4 HJ 0 
Tetraborane, B 4 H 4 Q 
Silico-butane, Si^Hio 


Sp. gr, liquid. 
0*60 


Boils at 

-46° 

0*53° 


Boils at 
0 * 6 ° 
16° 
109° 


Melts at 
-171*4° 
-169° 
-132*5° 


Melts at 
-195° 
-117*4° 


j\leits at 
-135° 
- 112 ° 
- 00 ° 


Siiico-pentane, and silico-hexane, have also been made. 

Asilico-ethylene, Si2H4, has been reported ; but if it really exists very little 
is known about it. Similar remarks apply to the so-called silico-acetylene, 
(SigH2)?^, which is supposed to be a solid formed when calcium siiicide ^ 
is decomposed by hydrochloric acid : CaSig 4“ 2HCi = SigHg 4 CaClg. 
It is a yellow crystalline solid. The hydrides of silicon are not very stable. 
Like many of the other hydrides, they aet as reducing agents. Thus 

’ i Calcium siiicide. Made by heatiu^ silica, and carbon in an electric 
fumaoe, G' ’ ^ ‘k’ '-'j' 


964 MODERN INORGANIC CHEMISTRY 

siiico-metiiaiie reduces silver nitrate with, the separation of silver and sili- 
con ; SiH^ + 4AgN03 = 4HNO3 + 4 Ag ,-h Si. Copper sulphate is not 
so easily reduced as silver nitrate, and a compound of copper and silicon 
— copper siiicide — CugSi, is formed ; SiH^ 4- 2CUSO4 = CugSi -f- 2H2SO4. 
The more stable methane does not act like silico-methane. Acetylene, it 
will be remembered, forms acetylides or carbides with silver nitrate and 
co|)per sulphate. Many of the less stable hydrides— like silicon hydride, 
hydrogen sulphide, and hydrogen iodide— reduce in virtue of the hydrogen 
liberated during their decomposition ; other hydrides reduce by the direct 
oxidation of their elements. Thus, with arsenic hydride and silver 
nitrate, as previously described, arsenious acid and silver are formed during 
reduction. 


Questions. 

1 . Explain thoroughly how quartz may be put into solution and further 
treated so as to recover it as silica. What experimental evidence have we that 
arsenic is an amphoteric element ? — Princeton Univ,^ U.S.A* 

2. Describe the preparation, properties, and reactions of the compounds of 
silicon with hydrogen, with chlorine, and with fluorine, — Aberdeen Univ. 

3. How can (a) silicon, (6) silicon carbide be obtained from sand, and for what 
purpose are these substances used ? How can silicon chloride be obtained from 
silica, and converted into silica ? — Sheffield Univ* 

4. Compare and contrast the elements carbon and silicon by a discussion of 
their analogous inorganic compounds.— Univ, 

5. Explain the meaning of the term anhydride.” Describe the preparation 
of sulphur dioxide, chromium trioxide* and silicon dioxide, and the experiments 
by which you would prove each to be an anhydride. — London Univ, 

6. What is the composition of felspar, calcspar, fireclay, and fluorspar ? 
From which of these and by what process could you produce silica ? — Board of 
Bduc, 

7. Orthoclase felspar has the composition K^O.AlgOg.BSiOg. Explain the 
methods by which the following substances could be obtained from it in a state 
of purity : alumina, potassium chloride, potash alum, silica. — Board of Bduc, 

8. Criven the heats of formation 2Ca 4 - O 2 = 2CaO + 290 Cals. ; 2Si +0^ 
« 2Si02 + S82 Cals. ; and 2CaO 4“ 2Si02 = 2 CaSi 03 4 - 66*2 Cals., show that 
the heat of formation of calcium metasilicate, CaSiOg, from its elements is 
369*1 Cals. 

9. Show that in the complete oxidation of the silicon carbide, SigOg, in a 
crucible, no loss in w’^eight would be observed before and after calcination — 
neglecting any gaseous products which pass from the system and are not weighed. 

10. How are the following substances xirepared : Iodic anhydride, carbon 
oxy.sulphide, silicon tetrachloride, silicon chloroform, phosphorus pentafluoride, 
and chiorosulphonie acid ? — Science aiid Art Dept. 

11. How can you prove that the constituent of flint has properties similar to 
other acids, and how can this substance be obtained dissolved in water 7 — London 
Univ, 

12. Silica has no taste and does not act on litmus. Why do we call this 
substance silica acid ? — London Univ, 

13. Make a comparison of the compounds of carbon and silicon, so as to 
reveal the relationship existing between them. What suggestion can be made to 
accomit for the fact that carbon dioxide is a gas, whereas silica is a solid of high 
melting point ? What abnormalities are found in connection with the speciflo 
heats of the two elements ? — Board of Bduc, 

,14. How would you explain the following : (a) a solution of sodium silicate is 
readily decomposed by weak acids, but sodium sulphate heated at a high tempera- 
ture with silica forms sodium silicate ? {b) Barium peroxide heated at a certain 
temperature under reduced pressure forms barium monoxide with the liberation 
of oxygen, whereas barium monoxide heated at the same temperature under 
increased pressure combined with bxygen forms barium dioxide ? — Board of 
Mdm* ^ 
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15. In what respects does silicon resemble carbon ? Oive the formul® of tho 
oxides of silicon. Explam what happens when a mixture of powder of flint end 
of sodium carbonate us raised to a bright red heat. How would you prepare 

pure silicic acid from the fused mass ^.—London TJniv 

1 C. Give an account of the element silicon. Disinas the olassifioation of the 

silicates.— uape Umv. 'jx .wio 

17. Name minerals which ooiKist of crystallized, of amorphous, and of mixtures 
ot amorpnom and crystalhzed .silica respectively. Describe how you would nre- 

pare pure silica from flint. — London Univ, p e 

18. Describe the changes which take place when quartz is heated to a hio-h 

temperature. ■ 

19. The analysis of an amorphous silicon carbide furnished: Silicon 69* 41 
per cent. ; 29-18 per cent, of carbon ; 0*59 per cent, of iron and aluminium. What 
is the best representative formulae of the substance ? 

20. Write a short essay on the chemical relationship between carbon and 
smcon . — Sctence and Aft Dept, 

21. Describe the preparation of the metal aluminium from clay, giving the 

chemical equations of the reactions.— Dnw. ^ 


CHAPTEE XLI 

Tin, Lead, AND: SOME Eelateb ■Elements ; 

§ i. Germanium. 

In 1885 Weisbach discovered a silYer mineral— ^rgyrodite-^^^ a mine at 
Freiberg (Saxony). G. Winkler analyzed the mineral, but found Ms 
analysis to be about 7 per cent, too low : 

Silver. Sulphur. Ferrous oxide. Zinc oxide. Mercury. Total. 

74*72 17*13 0*66 0*22 0*31 93*04 

Winkler traced the discrepancy to the presence of 6*93 per cent, of a 
new element, precipitated as sulphide in the ‘‘ hydrogen sulphide group.” 
This element he called germanium from the Latin name Germania. The 
new element proved to be bi- and quadri- valent. The quadrivalency of 
germanium was established by C. Winkler’s study of germanium tetra- 
ethyl, Ge(C 2 H 5 ) 4 . The compounds corresponding with, bivalent ger- 
manium resemble the compounds of silicon and carbon ; and compounds 
corresponding with quadrivalent germanium resemble tin and titanium 
compounds. The analysis and vapour density of germanium tetrachloride 
correspond with an atomic w^eight 72*5 (oxygen = 16). TMs number 
agrees roughly with the atomic weight calculated from the specific heat 
0*08 by Dulong and Petit’s rule. Neglecting the small admixtures of 
iron, zinc, and mercury, the analysis of argyrodite thus corresponds with 
3Ag2S.GeS2. 

2. Tin. 

History. — ^Discoveries of tin in Egyptian tombs show that the metal 
was fairly common in olden times. It is not certain if the Hebrew word 
‘‘bedil” in the Pentateuch, translated by the Greek word Kaaalrepos 
(cassiteros), and by the Latin word stannum^ really means tin. The 
word “ stannum ” appears to have been used by the Romans to designate 
certain alloys containing lead. It is not certain whether the Phoenicians 
obtained their tin from India, Britain, or Iberia. The resemblance between 
the Sanscrit word castira ” and the Greek “ cassiteros ” has been used 
as an argument in favour of the, Indian origin of Phoenician tin, Pliny 
states that “ cassiteron ” was obtained from Cassiterides (British Isles) 
in the Atlantic Ocean.” This no doubt refers to the tin then obtained 
from the Cornish mines, for “ certain islands north of Spain ” %vere often 
referred to as the insulce cassiteride$--^tm. islands^ The Romans appear to 
have distinguished lead from tin by falling lead plumbum nigrum,” and 
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: till pliimbuitt; candidum.” The word ■‘■:‘-sta»-iium ” wasdater restricted 
do till proper, The alchemists called tin “ Jnpiter,”' and represented tins 
metal by 1| , the symbol for the planet Jupiter. 

Occurrence.— There, are several reports of the occurrence of metallic 
tin in nature— Bohemia, Bolivia, New South Wales,' Nigeria, etc. Practi- 
.cally, tinstme Of cassiterite is the sole source of, commercial tin. This 
.mineral occurs in, tetragonal crystals coloured brown or black by impurities, 
chiefly iron. Cassiterite is stannic oxide, SnOg, contaminated with more 
or less arsenical ppites,„ copper pyrites, tungstates, and various metallc 
sulphides. Lode tin or vein tin is cassiterite which is obtained from veins 
or bdes'iiiprimary deposits ; while' " stream- tin is cassiterite from alluvial 
secondary deposits where it occm’s in more or less rounded lumps. The 
miners speak of tinstone as “ tin ” OT hUch tin to distinguish it from the 
metal which is called white tin. The complex sulphide ore, stannite, or 
Mn: pyrites is a sulphide of copper, tin, iron, and sometimes zinc. It is 
comparatively rare. About one-third of the world’s output of tin is 
produced in the Malay peninsula — e,g, Banca, which furnishes the so-called 
Straits^ tin. Tin is also produced in the Malay archipelago, Bolivia, 
Nigeria, Australia, Cornwall, South Africa, Bohemia, and Saxony, etc. 

Extraction.— The method of extracting tin from its ore, the metallurgy 
of tin, is comparatively simple, owing, no doubt, to the simplicity of the 
ore— black tin. The ore is first concentrated by washing away the earthy 
impurities. The high specific gravity of tinstone — 6*8 to 7*0 — enables 
this to be done without much trouble, as in the case of washing gold (q.v.). 
This process usually works well with stream tin ; but vein tin usually 
requires more complex treatment. The crushed ore is first washed to 
remove earthy matters. The arsenic and sulphur are removed by an 
“ oxidizing roast.” The tungsten and the residue left after the calcination 
of the pyrites are removed by passing the calcined ore through the intense 
magnetic field of an “ electro-magnetic separator.” 

The extraction of tin from the concentrates, as they are called, involves 
the reduction of the ore in a blast furnace or in a reverberatory furnace. 
To do this, the " concentrated ” ore — tinstone — ^is heated with coal in, say, 
a, reverberatory furnace. The oxide is reduced : SnOg + 20 = 200 4" Sn. 
The molten tin which collects on the bottom of the furnace is chawn ofl 
and cast into ingots or blocks — block tin — ^whieh contain about 99*5 per 
cent, of metallic tin. The slag obtained in this operation is also w'orked u|) 
to recover the 20 to 40 per cent, of metal it contains. 

Refining tin. — Tin is refined by heating it, at a temperature as little 
as possible above the melting point of the metal, on the sloping hearth 
of a reverberatory furnace. The tin flows down the hearth and leaves 
the oxidized metallio impurities as “ refinery dross ” behind. ^ This tin may 
be further purified by stirring the molten metal with a billet of wood. 
The metal is agitated by the bubbling of the rising gases, and this continu- 
ally exposes fresh portions of the molten metal to the oxidizing action of 
the air. The impurities which collect on the surface as a “dross” are- 
skimmed ofi. The refinery drosses containing a large percentage of tin are 
re-smelted with the ore, . ' 

Tin is recovered from scrap tin, tin plate, etc., by treating these 
materials with some solvent, &.g» c^^orine. Electrolytic methods of ex- 
traction have not been very suecessMi/i- - , ; 
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Properties. — ^Tin is a %yhite lustrous metal "witli a pale blue tinge. Tli© 
metal retains its lustre unimpaired by exposure to air. The metal is soft 
enough to be cut with a knife, but it is harder than lead, and not so hard 
as zinc. Tin is very ductile, for it can be beaten into foil-— tinioil---0*0I ^ 

to OT mm. tliick, and drawn into wire. The ductility of tin is gimtest at 
about 100°; at 200° the metal is brittle enough to be pulverized into 
powder. Tin shows a marked tendency to crystallize on solidification. 

If a bar of tin be bent, it emits a low crackling noise-— tin cry ’’—said 
to be due to the rubbing of the crystal faces upon one another. If the 
surface of a block of tin be treated with warm dilute aqua regia, the surface 
of the metal immediately assumes a crystalline appearance. The crystals 
are best shown by cooling molten tin in a crucible until part has solidified, 
and pouring out the liquid portion. The walls of the crucible will be lined 
with crystals of tin. Tin appears to be dimorphous, for electrolytic tin 
— i.e, tin deposited from a solution by the electrolysis of a tin salt — ^and 
malleable tin, form tetragonal crystals ; while the “ brittle ” tin, mentioned ® 

above, is rhombic. Tetragonal tin passes into the rhombic form between 
170° and 200°. Tin melts at 232°, and boils at about 2275°. A perceptible 
volatilization occurs at 1200°. The metal takes fire when heated betw^een 
1500° and 1600°, burning with a white flame to stannic oxide. When the 
metal is heated just above its melting point in air for some time, it forms 
a yellowish- white scum which is also stannic oxide. 

Grey tin. — ^When cooled to a low temperature, tin crumbles to a grey 
friable powder. Several cases have been reported where tin, during an 
exceptionally cold winter, has crumbled to powder ; for instance, A. L. 
Erdmann (1851) noticed some tin organ-pipes in the church at Zeitz 
crumbled to powder ; and later, the tin buttons of some militarj?- uniforms 
were found to have crumbled to powder while in the dep6t during a cold 
winter. The disease is called the “tin pest.” The afflicted tin first 
tarnishes, then show^s faint radiating formations, and then wart-like 
formations, and finally the metal crumbles to a grey pulverulent mass. 

The afiiicted metal contains two kinds of tin — ^the one, ordinary white 
bright tin; and the other grey, duU, pulverulent tin. Grey tin appears i 

to be a third aliotropic modification of the element. 

110 ° ■ ■■IS'*' ■ 

Bhombic tin. ^ Tetragonal tin. 5^ Grey tin. 

Specific gravity 7*25 6*55 5*8 

Specific heat 0’0538 — 0*0496 

The transition temperature is 18°. Hence, excepting in warm iveather, 
ail ordinary white tin is in a metastable condition ; but, as E. Cohen has 
pointed out, the speed of the transformation is very slow at ordinary tem- 
peratures. The transformation proceeds with a maximum velocity at 
— 48°, especially if the tin be in contact with an alcoholic solution of 
“ pink salt,” SnCl 4 . 2 NH 4 Ci. At lower temperatures, the velocity again 
slows down. The disease is contagious, for if a piece of tin which has 
already commenced to change be allowed to remain in contact with a piece 
of ordinary white tin, the unchanged tin is more quickly afiected with the 
“ disease.” The specific heat, of . ordinary white tin is 0*0538, and of grey 
tin, 0*0496. # 

The' action of 'acids 'and alkaHes.— Tin dissolves slowly ■ in 'dilute 


TIN, LEAD, AND : SOME RELATED ILIMENTS' 969 


liydrocMoric acid, and fairly rapidly in the hot, concentrated acid, forming 
■stannous chloride, SnCIg^ and hydrogen : Sn+ 2HC1 
If: a little tin be placed in a test-tube with a little hydrochloric acid, there 
is little or no action, but if a drop of a solution of a platimim salt be 
added to the acid, a brisk reaction sets in ; the platinum appears to act 
catalytically. Tin is but slowly attacked by cold sulphuric acid, but the 
hot concentrated acid dissolves the metal, forming stannous sulphate and 
sulphur dioxide : Sn + 2 H 2 SO 4 SnS 04 + SO 2 + SHgO. The action of 
nitric acid depends upon the temperature and concentration of the acid. 
With cold, very dilute nitric acid, stannous nitrate, Sn(N 03 ) 2 , is formed: 
/■4Sn “h IOHNO 3 = 4 Sn(N 03)2 +' SHgO + NH 4 NO 3 , with possibly b, little ' 
stannic nitrate, Sn(N 03 ) 4 . IWth nitric acid of moderate concentration 
(specific gravity 1*24), copious fumes are evolved and a bulky white 
precipitate of a hydrated oxide, meta-staimic acid, separates. Highly 
concentrated or pure nitric acid is practically without action on the metal. 
Boiling alkaline hydroxides form alkaline stannates, KgSnOg, and 
hydrogen ': Sn -f 2KOH -f HgO -> KsSnOg + 2 H 2 . 

Atomic weight of tin.— -The combining weight of tin has been deter- 
mined by the analysis or synthesis of the oxide, chloride, bromide, sulpliide, 
and the potassium and ammonium stannichlorides. The best available 
numbers show that this constant probably lies somewhere between 118*98 
and 119*10. The best representative value is taken to be 119 — oxygen 
= 16. The vapour density of the volatile compounds of tin ; observations 
on the ismorphism of stannic and titanic oxides ; and the specific heat, 
0*055, by Dulong and Petit’s rule, all point to this number, 119, as the 
atomic weight of tin. 

Uses. — ^The resistance of tin to ordinary corrosive agents is utilized 
in protecting iron from rusting, ‘‘ tin plate ” is made by dipping thin sheets 
of steel into molten tin, whereby the steel is coated with a thin film of tin. 
The xfiated tin so made is used in the manufacture of tin cans, and simiiar 
articles — ^tintacks, for example, are tinned iron tacks, tin alone would be 
too soft to drive into wood. Copper coated with tin is also used for cooking 
vessels. Tin amalgam is used in coating mirrors. 

Alloys. — ^Many useful alloys contain tin. The addition of tin to lead 
lowers the melting point of lead ; and 
the addition of lead to tin lowers the ^ 
melting point of the tin. Tin melts at ^ 

222°, and lead at 327° ; an alloy of 37 
per cent, lead with 83 per cent, of tin ^ 
melts at the eutectic temperature 180°, I* 
as indicated in Eig, 331. Common solder ^ 
has one part' of tin to one part of lead, 
but solders generally vary from 66 to 
33 per cent, of tin. Peivler is a tin-lead 
alloy containing 75 per cent, of tin with 
25 per cent, of lead. It will be observed 
that an alloy of two metals or a salt, solution may appear to have two 
freezing points : ( 1 ) the temperature at which an excess of one constituent 
freezes along the lines AO, OB, Pig. 331 ; and (2) the temperature at 
Which the eutectic freezes en Uoc, During the cooling of plumber s solder, 
for instance, say tin 40, lead 60, sold lead begins to separate at 240 , 



^ 60 SO foo 

Per cent. Lead, 

■Fig. 331* — Melting Points of 
Tin-lead Alloys. 
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and continues separating nntE the mother liquid contains S7 per cent, of 
lead, when the whole mass solidifies. Between these two temperatures, 
180^^ and 240°, the codling ; ahoy, seems to, he in a '‘ pastjT- ’h, condition, 
and this enables the plumber to wipe ” a joint being made with such an 
alloy. 

§ 3. Stannous Oscide and Hydroxide. 

TOien stannous chloride, SnClg, is dissolved in an excess of water, a 
wMte precipitate of stannous oxychloride, Sn{OH)CI, is foYmed : SnCIg 
+ HgO ^ Sn(OH)Ol+ HCL, If stannous chloride be treated with an 
alkali, say sodium carbonate, or sodium hydroxide, stannous hydroxide, 
811(011)2,' is precipitated. When heated in a current of carbon dioxide, 
stannous hydroxide forms black stannous oxide, SnO ; which, when heated 
in air, burns to stannic oxide, SnOg. Stannous hydroxide is insoluble in 
ammonia, but it readily dissolves in alkaline solutions, forming starmites, 
e.g. potassium stannite : Sn(0H)2 -b 2KOH ^ Sn(OK)2 + BHgO. Hence 
the stannites are to be regarded as salts of stannous acid, HgSnOa, which 
may be simply stamious hydroxide. Basic stannites of the type HOSn{ OK) 
have been isolated. By the slow evaporation of alkaline solutions of the 
stannites, crystals of SnO can be, obtained. If much alkali be present, 
or if the solution be boiled, metallic tin separates and alkali stannates, 
KaSnOg, are formed ; 2KHSn02 = KgSnOg + Sn -f HgO. Stannous 
hydroxide is converted into stannous salts when treated with acids, and 
consequently, stannous hydroxide exhibits both acidic and basic properties. 

§ 4. Stannic Oxide and Hydroxide. 

If an acidified solution of stannous chloride, SnCL, be exposed to the, 
air, oxygen is absorbed, and stannic hydroxide is precipitated ; 2SnCi2 
-f Og + OHgO <-^2Sn(OH)4 + 4HCi. Possibly stannic chloride is first 
formed ; 2SnCi2 -f* Gg + 4HC1 — > 2SnCl4 + 2H2O ; and this latter is 
hydrolyzed by the water : SnGl4 + ^ Sn(OH)4 4HCL The 

stannic hydroxide is precipitated by ammonia, alkaline hydroxides, car- 
bonates, ammonium nitrate, sodium sulphate, etc., from, solutions of stannic 
salts: SnCl4+4KOK=^4KGi+Sn(OH)4. Stannic chloride is hydro- 
lyzed by water with the production of the same hydroxide, if the preci- 
pitate be dried in air, it has the empirical composition H4Sn04, or Sn{OH)4 ; 
and if dried over concentrated sulphuric acid, the empirical composition 
HgSnOg, or SnO(OH)2. Consequently H4Sn04, that is, Sn(OH)4, is to be 
regarded as ortho-stannic acid, and HgSnOg, or 0=Sn=:(0H)2, as 
meta-stannic acid. Stannates corresponding with KgSnOg.SHaO, analo- 
gous with the carbonates, can be made by heating solutions of, say, stannic 
chloride with an alkaline carbonate ; SnOg-HgO is precipitated from 
aqueous solutions of the stannates by carbon dioxide. 

When metallic tin is treated with hot nitric acid (specific gravity I'S) 
stannic hydroxide with the. empiHcal formula Sn(OH)4 is formed, and 
this when dried in air has the empirical formula H4Sn04, and if dried over 
sulphuric acid it has the empMcal formula SnO(OH)2. The stannic acids 
fonned by these two different processes differ essentially in their behaviour 
towards many reagents. For eonvemence, the stannic acid formed by the 
action of alkalies on solutior^ of stannic chloride is called a-stannic acid, 
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aEd the^ acid produced by the actiou of nltric: acid on, the' metal is called 
jS-stannic acid or “ metastaniiic ,acid»’* Some of the diferences 'between 
the two Tarieties are as.foHo.ws,: 


Table LXI.~~-Pboperties ■ OF the Metastahnic Acids, 


. a-Metastaniiicvacid. 

^-Metastannic acid. ■ 

Saits dissolve in water easily and are 
not decomposed. More basic than 
,the'/3-acid. 

When moist, dissolves readily in nitric 
acid. . ' ■ i 

Soluble in dilute sulplniric acid and the . 
solution does not gelatinize when 
boiled. ■ 

Easily soluble in hydrochloric and the 
solution remains clear when boiled. 

, Salts dissolve in water vitli diMciiIty 
and form insoluble basic salts and 
free acid. Less basic than the a-acid. 

Insoluble in nitric acid. 

Insoluble in sulphuric acid even if con- 
centrated. 

Unites with hydrochloric acid forming 
a substance insoluble in acid but 
soluble in water. The aqueous 
solution gelatinizes when boiled. 

Both varieties dissolve in caustic alkalies and in alkaline carbonates. 


and when reprecdpitated by the addition of acids, the precipitates retain 
the properties they had before dissolving in the aiivalies. J. J. Berzelius 
observed this peculiarity of the stannic acids in 1811-1823. Berzelius 
found that both oxides had the same ultimate composition, and the fact 
was regarded at the time as an “interesting example,” showing that 
“ identity of composition does not correspond with identity of properties.” 
An explanation of the difeence between the two acids is not known 
with certainty. It is generally supposed that the 3-acid — (HgSnOplg or 


SngOsCOH), 


a polymerized form of the a-acid — ^HaSnOg. If the 


3-acid be treated with concentrated hydrochloric acid for a short time, 
a compound SiisOsClto is formed which is insoluble in hydrochloric acid. 
This substance is soluble in water with the formation of the so-called 
3 -stannic chloride or stannyl chloride Sn6050l2(OH)g. If the aqueous 
solution be boiled, the 3-acid is reprecipitated : Sn 505 Cl 2 (OH )8 + 2HaO 
™ 2HCi "f 811505(011)10 ; and if the aqueous solution be treated with 
hydrochloric acid, a precipitate corresponding with SusOgCi^COHlg is 
formed. While tartaric acid prevents the precipitation of stannic 
hydroxide from stannic chloride solutions by ammonia, the precipitation 
is not prevented from solutions of 3-stannic chloride. 

These peculiarities are explained on the assumption that the two 
isomeric stannic acids have the constitutional formulee : 


Orthostannic acid. 


0=Sn<' 


OH 


"OH 

tt-Metastaiinic acid. 


<"0 


gn(0H)2-0~-Sn(0H)2.. ^ 
8n(0H)2-0-Sn(0H)2^ 

i3*Hetastanmc acid. 


When treated with hydrochloric acid, the hydroxyl (OH) groups are 
replaced by chlorine, and the resulting compqun.d, when treated with water, 
is more or less completely hydrolyzed. As indicate above, if the 3-acid 
is boiled for a long time with concent!rated hydrochloric ’ acid, or concen- 
trated alkahne hydroxide, it is gradually --converted into the a-acid; and 
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conversely, the a-acid is gradually changed into the ^-add at ordinary 
temperatures, but more rapidly on boiling. Thus : oSnCl4 + ISHgO 
=18HC1 -h Sn505Ci2(0H)8. An aqueous solution of iB-stannyl chloride, 
SngOsCIglOH)^, gives a precipitate of ^-stannyl sulphate with sulphuric 
acid or potassium sulphate. j8-stannic acid unites with alkalies, forming 
A-stannates, e.g. potassium j8-stannate, K2Sn50j|.4H20. An excess of 
alkali XDrecipitates the i3-stannates. Hence l3-stannic acid exhibits both 
acidic and basic characteristics. Both stannic acids redden blue litmus, 
both can be obtained in a colloidal condition by the dialysis of solutions of 
the corresponding stannates acidified with hydrochloric acid. 

An idea is growing in the minds of those who have specially studied 
the stannic acids that the essential difference between the two varieties 
is size of grain ; that the particles of the a-acid are the smaller and of the 
i8.-acid the larger; and that there are not two distinct and W’-eH-defined 
a- and j8-stannio acids, since a continuous gradation of forms intermediate 
between the two varieties can be made by varying the temperature of 
precipitation. Compare the a- and ^-silicic acids, p, 950. 

Stannic oxide, SnOg. — ^When the stannic acids are calcined, stannic 
oxide, SnOg, is formed as a white powder which appears yeUow when hot. 
Stannic oxide is also formed as a white powder by the combustion of tin. 
If stannic chloride be heated in a current of steam, glistening rhombic 
crj^stais of staimic oxide are formed isomorphous with brookite, TiOg. 
As previously indicated, stannic oxide occurs in nature in tetragonal 
crystals of cassiterite which are usually black in coioui’ owing to the pre- 
sence of impurities. These crystals are isomorphous with rutile, TiOg. 
These crystals also separate on cooling a fused solution of staxmic oxide 
in borax. stannic oxide is strongly heated with phosphoric acid, 

crystals of stannic oxide isomorphous with anatase, TiOg, are formed. 
Hence stannic and titanic oxides are isotrimorphous. Stannic oxide is 
insoluble in acids and aqueous solutions cf the alkalies, but it forms 
ct-alkali stannates when fused with sodium or potassium carbonate or 
hydroxide. Silica behaves in a similar manner. Stannic oxide melts at 
about 1625°, 

§ 6. Lead. 

History. — ^Lead was known to the ancient Egyptians. It is mentioned 
several times in the Old Testament. It appears to have been confused 
with tin {q.v.), and Pliny seems to have distinguished betiveen plmnhmn 
nigrum (black lead) and plumbum album or pilumbum cmididum. The 
ancient Romans used lead for making w'ater-pipes, and some lead com- 
pounds were used as cosmetics, and as paint. The alchemists connected 
lead with the slow-moving planet Saturn, and accordingly represented lead 
by a sc5i}he 1^, the symbol for Saturn, because, as some writers say, they 
thought it to be the oldest of metals and therefore comparable with 
Saturn, the father of the gods ; others say that it has reference to its powder 
of dissolving other metals which recalled the j)ractice of Saturn in de- 
vouring his own children, are products of an unbridled 

imagination. 

Occurrence. — Small quantities metallic lead are occasionally found 

in nature. In combination with sulphur, lead occurs as sulphide, galena. 
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PbS. Tills is the most abundant ore of lead. Commerciallead is obtained 
almost exclusively from galena. Lead carbonate, c&rmmte, PbCO is 
not uncommon. Lead sulphate, PbSO^, occurs as lead 

chromate, cfOG06Sfe, PbCr04; lead molybdate, wulfmile, '^}MoQ^i lead 
phosphate, lead chloride. matlocMie. 

PbCig. Lead ores come from England, United States, Germany, Mexico^ 
Spain, NeW' South Wales, South America, etc.' 

Extraction.— G. Agricoia in his Be re Metallim{l^m) gave a description 
of the methods of smelting lead ores in vogue among the Saxons, Poles, 
and Westphalians in the 16th century. Alternate layers of fuel (wood) 
and ore were piled on a “hearth of bricks — ^four feet high— with sloping 
sides,” so as to form a kind of basin. AVhen the fuel burnt the ore was 
reduced, and the resulting metal collected in the basin of the hearth. 
The lead basin was either tipped like a crucible, or the lead was allowed to 
flow over the edge at one corner. Open-hearth smelting persists in many 
places even to-day, although it has yielded to reverberatory or blast 
furnaces in other places. There are several minor improvements in the 
modern open-hearth furnace. The lead pot is heated from below, the 
natural draft has given way to the fan blower, the fumes are collected in 
chamber’s to jprotect the workmen from what has been styled “ the 
crippling fume ghost.” When the galena is roasted in a current of air at 
a low temperature in a reverberatory furnace — say 600°~900° — so that one 
part of the lead suii)hide, PbS, is oxidized to lead monoxide, PbO, and 
another part is oxidized to lead sulphate : 2PbS -f 30 c = 2PbO ~|- 
2800 4- 199*7 Cals, ; PbS + 20.3 = PbS04 + 199*5 Cals. If the mixture 
of lead sulphide, lead sulphate, and lead monoxide so obtained be heated 
to a higher temperature with the air “ shut off,” a series of endothermal 
reactions then set in, Tlie sulphide reacts with the sulphate and the lead 
monoxide, forming metallic lead : PbS04 + == 

Cals, ; and 2PbO + PbS — 3Pb + SOg — 52*5 Cals. ; and towards the 
end of the operation, when the lead sulphide begins to fuse : PbS -j- 3PbS04 
=4PbO + 4802—187*1 Cals. If carbonaceous fuel is present, the lead 
oxide and lead sulphide are reduced to metallic lead. In dealing with ores 
low in lead, e.g. some Spanish ores, the ore is sometimes reduced by heating 
with iron, or a mixture of iron ore and coke. Metallic lead and iron 
sulphide are formed : PbS Fe == Pb + FeS -j- 3*8 Cals. 

The lead made by these processes usually contains antimony, tin, 
copper, etc. These impurities make the lead hard and brittle. A large 
proportion can be removed by heating the metal in a shallow fiat-bottomed 
reverberatory furnace whereby most of the impurities are oxidized before 
the lead, and rise to the surface as a scum. This operation is known as 
“ softening lead.” The silver is usually extracted by Parkes’ process. 

Properties of lead. — Lead is a bluish-grey metal with a bright metallic 
lustre when freshly cut, but the lustre soon disappears in ordinary air. 
Perfectly dry ah’, and air-free water, have, no action on the metal, but if 
moist air be present, or if the metal be immersed in aerated water, lead is 
soon covered with a film, probably an oxide, and this is ultimately con- 
verted into a basic carboiiate. Lead is soft enough to be cut with a knife 
and scratched with the finger nail. It leaves a grey streak when drawn 
across paper. Small traces of impurity--- antimony, arsenic, copper, zinc 
—make the lead much harder. Lead! is hot tough enough to be hammered 
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into foil or drawn into wire ; but it can be pressed into pipes, or rolled into 
thin sheets or foil. Lead filings under a pressure of about 13 tons per 
square inch form a solid block ; and the metal seems to liquefy under a 
pressure of about 33 tons per square inch. The specific gravity of lead 
varies from 11*25 to 11*4 according as the metal is cast or rolled. Lead 
melts at 326°, and boils at about 1525°. When cooled slowly, the molten 
metal forms a mass of octahedral crj^stals (cubic s^^stem). The crystalline 
nature of the metal is shown by the electrolysis of a lead salt. Lead is 
also deposited as an “ arborescent ” mass of crystals — called a “ lead 
tree ” — when a strip of iron or zinc is suspended in a solution of a load 
salt. , , . , ■ ^ ^ ; 

Lead is fairlj? rapidty dissolved by nitric acid, but is little affected by 
dilute hydrochloric or dilute sulphuric acid in the cold, because a crust of 
insoluble lead chloride or sulphate is formed on the surface, and this pro- 
tects the metal from further action. Powdered lead is quickly dissolved 
by boiling concentrated hydrochloric or sulphuric acid. Organic acids 
— acetic acid (vinegar) — also act as solvents for metallic lead. Hence 
vessels plated with tin containing lead, if used for cooking puiposes, may 
contaminate the food with poisonous lead compounds. Water containing 
sulphates and carbonates in solution fonns a coating on the surface of lead 
which prevents further action. Lead is attacked by water holding air, 
nitrates, ammonium salts, and carbon dioxide in solution. In the latter 
case, a soluble acid carbonate may be formed. All soluble lead salts are 
poisonous, and if the water supply of a town be pure enough to attack lead 
it may produce lead poisoning. To avoid risk, the water is sometimes 
filtered through limestone or chalk since carbonates in the water do not 
corrode the pipes very much. The water then takes up enough carbonates 
to form a film on the interior of the lead pipes which protects the lead from 
further action. 

Atomic weight of lead, — The combining weight of lead has been 
determined by the synthesis of lead nitrate and lead sulphate from metallic 
lead ; by the analysis of lead chloride, etc. If oxygen be 16, the best 
determinations of the combining weight of lead vary between 206*8 and 
207*6. The best representative value is supposed to be 207*1. This 
agrees with the result by Dulong and Petit’s method of approximation 
since the specific heat of lead is 0*0309, and 6*4 -r 0*0309 = 207*1. The 
vapour density of the volatile lead compounds also corresponds with the- 
atomic weight 207 T, The vapour density of metallic lead between 1870° 
and 2000° shows that the molecule is monatomic. 

Uses. — Lead is largely used in the arts on account of the ease with which 
it can be worked, cut, bent, soldered, and on account of its power of re- 
sisting attack by water and many acids. It is used in the manufacture 
of pipes for conveying water ; for the manufacture of sheaths for electric 
wires, sheets for sinks, cisterns, and roofs, lead chambers for sulphinic acid 
works, evaporation pans in chemical works, etc. It is used in making 
bullets, shot, accumulator platCs, etc. Type metal, solder, pewter, and 
fusible alloys contain much: lead.. These alloys have been previously 
discussed. In soldering, the metal, surfaces must be clean and free from 
oxides, grease, etc. Zinc chloride, killed spirits,” resin, or a little borax 
is employed either to dissolve the oxide if formed, or to protect the surface 
from oxidation during the soldeiing* 
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§ 6. Lead Monoxide and Hydroxide. 

The chili grey iridescent coating which is formed on the surface of lead 
meltexl at a low temperature is supposed to be lead suboxide, Pb^O. ^ If 
this scum be continuously removed, and again heated to a low tempemture 
in air so as to avoid fusion, a yellow powder, of lead monoxide, PbO, some- 
times called massicGt is formed. If this oxide be fused it forms, on coolincj, 
a buff-coloured crystalline mass of lead monoxide, or litharge, PbO. If 
slowly cooled the oxide has a reddish tint, and if rapidly cooled, a yellow 
tint. It is thought that there are two modifications of lead monoxide- 
yellow and red, the latter being the stable form at ordinary temperatures. 
Litharge is commonly made by the cupeliation of lead. Large quantities 
of lead monoxide are used in preparing oils, and varnishes, and in making 
hint glass. 

Lead monoxide fuses at 877°, and it is volatile at a red heat. Its 
specific gravity is 9%86, Lead monoxide is slightly soluble in water, pro- 
bably forming lead hydroxide, Pb(OH)2 ; sufficient lead hydroxide is 
dissolved to give the water an alkaline reaction. Lead hydi'oxide is best 
made by the addition of alkali to a lead salt. The composition of the 
precipitate depends upon the conditions of precipitation. The hydroxides, 
2Pb0.H20 and PbO.HgO, have been reported. The precipitate is soluble 
in an excess of alkali hydroxide, forming plumbites. For instance, potas- 
sium piumbite, Pb{OK)2, is formed when potassium hy’droxide is used. 
The precipitate is insoluble in ammonia. When heated to 145°, lead 
hydroxide p>asses into the oxide. Both oxide and hydroxide dissolve in 
acids, forming lead salts. The formation of plumbites illustrates the acidic 
nature of lead monoxide ; and the formation of lead salts, and the 
alkalinity of aqueous solutions of lead hydroxide, show the basic properties 
of this oxide. Hence lead monoxide is an amphoteric oxide. 

§ 7. Lead Sesquioxide and Red Lead. 

Lead sesquioxide, Pb^Os. — This oxide is an orange-yellow powder 
formed when lead hydroxide, in alkaline solution, is treated with an 
oxidizing agent— hypochlorites, chlorine, bromine, hydrogen peroxide, 
potassium persulphate — ^2PbO + NaOCl ~ NaCi PbgOg. When heated 
lead sesquioxide forms lead monoxide and oxygen. Acids, say nitric 
acid, decompose it into lead monoxide and lead dioxide — the former 
dissoh^es in the acid, forming lead nitrate. With concentrated hydro- 
chloric acid, lead sesquioxide nehaves like a peroxide furnishing chlorine 
gas : Pb/Jg + 6H0i - SHgO -f 2PbCi2 + 

Lead tetroxide, minium, red lead, Pb 3O4, — Red lead is formed by 

^ The same oxide is made by heating lead oxalate to about 300° in a glass 
retort : 2 PbG 204 = CO + SCO 2 + PbgO. , A current of carbon dioxide is 

directed through the retort during the operation, or the lead suboxide will be 
partly reduced by the carbon monoxide formed during the reaction. This oxide 
burns to PbO when heated in air,, and if heated to about 350^, the sixboxide 
decomposes into a greenish-grey powder which is a mixtiu-e of lead monoxide and 
metallic lead. Lead suboxide is insoluble/ iu and unchanged'by water ; it is 
decomposed by alkalies and acids j it is not altered by exposure to dry air • its 
specific gravity is 8*348 : and the th^rt^l value., of its reaction with acetic acid 
is not in favour of the assumption that a mixture of lead and lead monoxides 

Pb + PbO. 
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heating lead monoxide or white lead in air between 470° and 480°. It is a 
scarlet powder. The hot powder acquires a deeper and deeper tint as time 
goes on, then it appears to become violet, and finally blaefe. On cooling 
the original red powder appears. The tint of red lead is determined largely 
by the mode of preparation ; its composition also varies with the tempera- 
ture and time of heating. Although there is little doubt that a compound 
of the empirical formula Pb304 does exist, most red leads of commerce 
appear to contain PbsO^ with variable amounts of lead monoxide. Con- 
versely, litharge generally contains a little red lead. Many varieties of 
red lead approximate in composition to Pb^Os, and these red leads no 
doubt contain Pb304 + ?iPbO. As wdth lead sesquioxide, dilute acids 
decompose Pb304 into PbO and PbOg, the former dissolves in the acid, 
forming a salt of lead. When heated, red lead dissociates into lead 
monoxide and oxygen : 2Pb304 ^ 6PbO + O2. The dissociation pres- 
sure varies with the temperature, thus : 

Temperature . , . 445® 500® 555° 636° 

Pressure . . . . 5 60 183 763 mm. 

The partial pressure of oxygen in air is one-fifth of 760 mm., that is 
152 mm. This means that red lead will decompose at about 550° when 
heated in air ; and in pure oxygen at atmospheric pressure, red lead can 
be formed at 600°, but not at *650°. Red lead proper is not a mixture of 
lead monoxide and lead peroxide because the dissociation pressure of lead 
peroxide at a given temperature is much less than that of red lead. Red 
lead is used in the manufacture of fiint glass and glazes for pottery. It 
also is used in the manufacture of paint and of matches. The term 
minium often used for red lead was formerly applied to cinnabar. Cinna- 
bar was and is sometimes adulterated with red lead, 

§8. Lead Peroxide. 

Lead peroxide is prepared by the action of oxidizing agents — hypo- 
chlorites, chlorine, bromine, hydrogen peroxide, or persulphates — on 
alkaline solutions in which lead monoxide is suspended. The same com- 
pound is deposited on the anode when a solution of a lead salt is electro- 
lyzed. Lead peroxide is a strong oxidizing agent. Thus, when lead 
peroxide is gently rubbed with sulphur on a warm surface the mass 
inflames ; with phosphorus, the mixture detonates ; when sulphur dioxide 
is passed over lead dioxide, the two unite to form lead sulphate, PbS04 ; 
and when hydrogen sulpliide is allowed to impinge on a few grams of lead 
peroxide, the gas is oxidized and bursts into flame. 

Lead dioxide dissolves in a boiling concentrated aqueous solution of 
potassium hydi‘Oxide, and the solution on cooling deposits crystals of 
potassium metaplumbate, KgRbO^.^HgO, analogous with potassium stan- 
nate, K2Sn0s.3H20. If a mixt)ure of calcium carbonate and lead monoxide 
be heated to 700°, carbon dioxide is given off and oxygen is absorbed, form- 
ing calcium metaplumbate, Ca-PbOg:, If calcium plumbate be treated 
with carbon dioxide at the same temperature, the reaction is reversed, and 
oxygen is evolved. This process was proposed by G. Kassner for the pre- 
paration of oxygen ; and more; i^een^y, Kassner (1912) proposed a mixture 
sf sodium manganate and metaplumbate for preparing oxygen. This 



TIN;. LEAD, AND SOME; RELATED ELEMENTS 977 

mixture, with the trade-Bame gives off oxygen when heated 

in a current of steam ; and the plumhoxan is restored when heated 
in, a cuiTent of air. 

The formation of calcium metaplumbate shows that lead dioxide 
possesses feeble acidic properties. Lead in lead dioxide is probably 
quadrivalent as in lead tetrachloride and lead tetraffuoride^BfoCl^ and 
PbE4. The existence of quadrivalent lead is established in organic 
chemistry where a whole series of compounds of the type Pb(CHg)4 
are known— this particular one, for instance, is a liquid boiling at 
and has a vapour density in harmony with the formula given. Lead 
dioxide behaves as a feeble base with acetic acid. When red lead is 
dissolved in hot glacial acetic acid, no oxygen is evolved and pale green 
needle-like crystals of lead tetracetate separate on cooling the solution. 
The crystals melt at 175“. The salt is immediately decomposed by w'ater 
and brown lead peroxide is precipitated ; similar evidence for lead tetra- 
phosphate, Pb3(P04)4, has been obtained. 

The constitution of the higher oxides of lead. — Lead peroxide is a 
poly oxide 0=Pb“0 because it gives oxygen, not hydrogen peroxide, 
when treated with acids. Thus with concentrated sulphuric acid : 2Pb02 
-{- 2H2SO4 2PbS04 h 2H2O -j- O2 ; and with concentrated hydro- 
chloric acid, it gives chlorine : PbOg + 4HC1 2H2O + PbClg + Clg. 
Lead peroxide is best regarded as the anhydride of orthoplumbic acid, 
Pb(OH)4, or metaplumbic acid, PbO(OH)2, just as COo, SiOg, SnOg, and 
MnOg are the anhydrides of carbonic, silicic, stannic, and manganous 
acids. When hypochlorites, or other oxidizing agents, act upon an 
alkaline solution of lead monoxide, a brown precipitate of metaplumbic 
acid is formed: Pb(OH)2 + 2NaOH + Clg HgO + 2NaCl + Pb0(0H)2. 
If the latter be w^armecl, it passes into the anhydride PbOg. The other 
two oxides of lead — PbaOg and Pb304 — are in all probability salts of 
plumbic acid ; lead sesquioxide appears to be lead metaplumbate, PbPbOg ; 
and red lead to be a lead orthoplumbate, Pb2Pb04. 




;g>Pb<o>Pb 


:f>Pb=0 


Pb<^>Pb-0 


Orthoplumbic acid, Lead orthoplumbate, Metaplumbic acid, Lead metaplumbate, 
H^PbO^o Pb 2 Pb 04 , Le„ Pb 304 . HgPbOg. PbPbOg, i.e., PbgOs- 

The salt, Pb203(Se02)2j or PbaSegO^, formed by the action of lead 
sesquioxide on selenious acid, shows that lead sesquioxide can act as a 
feebty basic oxide. The alternative constitution of lead sesquioxide 
suggested by L. Marino (1905) is : 


2Se03 = 0<: 


Pb~0-Se=02 

Pb-0-§e=0, 


Thallio oxide, TLOg, forms a similar compound. 

Calcium orthoplumbate, Ca2pb04, is a crystalline salt analogous with 
red lead, that is, lead orthoplumbate ; and potassium metaplumbate, 
KgPbOg, is analogous with lead sesquioxide, that is, with lead metaplum- 
bate. , • ^ . 

When lead sesquioxide is treated with nitric acid, it forms brown 
metaplumbic acid, PbO(OH)2, or its anhydride, PbOa : 

0=Pb<^>Pb+2Htjo;^^ 
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analogous with the action of nitric acid on lead carbonate : 

0=C<^>Pb + 2 HNO 3 -> 0-C<°| + PMNOg). 

Simiiaiiy, with red lead : 

Pb<^>Pb<°>Pb + 4HNO + HaO + 2Pb(N03)3 


§ 9. Accumulators or Storage Cells 

The electric storage battery does not really store electric energy, but it stores 
energy by the conversion of the electrical into chemical energy, and recon- 
version, in the discharge, of the chemical into electrical energy. — 0. P. 
{Steinmetz (1914). 

An accumulator is essentially a voltaic cell with plates of lead and load 
dioxide with dilute sulphuric acid as the electrolyte : Pb | H2SO4 | PbOo. 
If two corrugated lead plates be covered with a paste of litharge, PbO, 
and dipped in a 20 per cent, solution of sulphuric acid, the litharge on tho 
plates is converted into lead sulphate, PbS04. If an electric current be 
passed through the cell, hydrogen is evolved at tlie cathode, and oxygen 
at the anode during the electrolysis of the sulphuric acid. The hydrogen 
at the cathode reduces the lead sulphate producing a grey film of “ spongy ” 
metallic lead : PbS04 + Hg = H2SO4 + Pb ; and the oxygen at the 
anode transforms lead sulphate into lead persulphate : 2PbS04 + 2H2SO4 
+ O2 = 2Pb(S04)2 + 2H2O ; and the persulphate is at once hydrolyzed 
into lead peroxide and sulphuric acid : Pb{S04)2 + SHgO — PbOg 

-f 2H2SO4, with the result that a dark brown film of lead peroxide is 
formed on the lead plate. The current may then be stopped, 

If the terminals of the cell be then connected with a suitable resistance, 
a current of an intensity of nearly two volts can be obtained. The time 
of discharge — the ampere-hour capacity — assuming the resistance to be 
constant, depends on the area of the plates. The cell is then said to be 
“ discharged.” The brown film of lead peroxide on the anode gradually 
disappears during the discharge of the cell, and a white film of lead sulphate 
takes its place. The reaction on the anode during the discharge of the 
cen is PbOa + Pb + 211^80^ = 2PbS04 + 2H2O. When the ceH is being 
charged, the reaction can be represented by the same equation taken from 
right to left : 

2PbS04 + 2 H 2 O ^ Pb + PbOa + 2 H 2 SO 4 

Charge ^ Discharge 

As soon as the peroxide has disappeared, the electromotive force o£ 
the cell drops rapidly, although the voltage 
keeps remarkably constant as long as any 
peroxide remains on the plate. This is illus- 
trated by the curve, Fig. 332. Tlie curve 
from B to G shows that the voltage remains 
nearly, constant for ten to twelve hours while 
' the cell is discharging ; the curve from G to I) 
represents the drop in voltage when the 
' peroxide ^ is almost all gone. The cell should 
be recharged before it has reached this con- 
dition, ofcerwise the efficiency of the plates 
Eeversiblc'c^.-pf^thiakiad are caled ‘‘ accumulators,” 



Hours 

Flc, 332. — ^Voltage Drop of 
Acoumtilator,, 


may be reduced. 
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« secondary C€ 4 is,’’ or storage cells.” ' An accumiiiator is tlnis a cell with 
metallic lead plates, and the plates specially .designed to hold as large' an 
of litharge, or lead oxide, as possible. The plates dip in dilute 
suipliiiric acid. When charged, the; a'ccumnlator acts, as ,if it we,re a 
cell PbOa I H 2 S 04 aq 1 Pb. To summarize the changes at the, electrode 
diiiiiig charge and disc,harge ; , 

Charging. DMiargiiig. 

Cathode , . PhSO.! Pb Pb PbS04 

,, Anode. . PbS04-»Pb02 PbOg PbO PbS04 ' 

Diii'ing the xlischarge, ■ the surface of both plates becomes. covered, with a 
film o,f^ white' lead sulphate, and hydrogen is evolved ■, at the ■ cathode : 
.:.Pb 4-112804,— PbS04 -f Jig., ' The hydrogen as partly, absorbed by the 
lead which has not been converted into sulphate. The presence of the 
absorbed gas raises the electromotive force of the ceil during discharge until 
it is all coiisumccL This occupies but a few minutes ; during this time, the 
voltage is represented by the curve MB. 

Several other interpretations of the action in an accumulator during 
charge and discharge have been proposed. The hypothesis indicated 
above caii.be easily translated into the language of the ionic hypothesis. 
In the charged ceE, we have a liquid containing H* and SO/ ions, with lead 
and lead peroxide electrodes. When the ceil is discharging, the H’ ions 
travel towards the Pb02 plate and reduce the lead peroxide to lead 
monoxide : 2H' -f PhOo = HgO + PhO ; and this plate according^ receives 
a ];iositive charge, owing to the de-electrification of the H’ ions. The 
SO/ ions simultaneously travel to the lead plates converting the lead 
at the surface of the plate into lead sulphate : SO/ -f Pb PbS04, and 
the plates are at the same time charged negatively. In consequence, a 
positive current of electricity travels from the “peroxide” plate to the 
’ “ lead ” plate outside the cell, and from the “ lead ” to the “ peroxide ” 
plate in the liquid. A secondary reaction between the sulphuric acid and 
the lead monoxide of the “ peroxide ” plate leads to the formation of lead 
sulphate, and consequently the consumption of the sulphuric acid in the 
liquid In the cell is relatively large during discharge. When the cell is 
to bo re-charged, the “ peroxide ” plate is connected with the positive 
pole of the dynamo, and the “ lead ” plate with the negative pole of the 
dynamo. Tlie H* ions of the cell travel to the negatively charged plate, 
an equivalent number of SO/ ions pass into the solution and metallic lead 
remains on the plate. The effect is to reduce the lead sulphate back to 
metallic lead. The SO/ ions travel to the positively charged “ peroxide ” 
plate and form lead persulphate : 2 SO/ + 2PbS04 — 2Pb(S04)2. The 
lead pei’sulpliato is iTumediately hydrolyzed to lead peroxide as indicated 
above. Sulphuric add IkS thus regenerated, and the cell is brought back 
to its original condition. 

Ntimerous attempts to find a substitute for the heavy lead plates of the 
Plante or Faiiro storage cell have met with but' little success. The most 
promising is the so-called iron-nickel, cell: EejKOHaq | Ni02. The 
chemistry of this cell turns on the reaction.: Fe ^ NiO + FeO. 
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§ 10, The Relationships of the Carbon-Silicon -Tin Family- 
The elements carbon, silicon, germanium, tin, and lead have a close 
family relationship. The physical properties, it will be seen, %vhere knowni, 
vary with the atomic weight. Thus : 

Table LXII. — Peopebties of the Caeeon-Tin Family. 


Atomic -weight . 
Specific gravity 
Atomic volume 
Melting point . 
Boiling point . 


Carbon. 

Silicon. Germanium. 

i 

Tin. 

'Lea.d. 

12 

28-.3' 72*5 

119 

207-1 

2*3 to 3*5 

2-35 5-47 

5*8 to 7*3 

il-4 

4* 15 

12-04 13-20 

18-25 

hs*18 

— 

1350° 958° 

231° 

326° 

— . 

about 3000° — 

2200° 

1500° 



The gradual change in the physical properties with rise in atomic w- eight 
is very manifest. The chemical propeiiies have many interesting re- 
semblances. They are all bi- and quadri-valent, and there is a marlved 
transition from acidic to basic qualities with rise of atomic weight. Carbon 
and silicon both form hydrogen compounds and exhibit some remarkable 
analogies. The relationships of the members of this series are best w^orked 
out by comparing the properties of the halides, the monoxides and 
peroxides, the occurrence, the allotropic forms of the elements, etc. The 
monoxides of silicon and of the remainder of these eiemeiits are solid, 
carbon monoxide is gaseous. There are a large number of stannous and 
plumbous salts corresponding wdth the monoxides of tin and lead. The 
germanous chloride, GeClg, is a liquid hydrolyzed by w^ater ; stannous 
chloride, SnCig, is more stable, but it too is hydi'olyzed by water ; and 
lead chloride is stable in water. The -ic salts of germanium are more 
stable than the -ous salts, whereas with lead the converse is the case. The 
dioxides are obtained by strongly heating the elements in air, but in the 
case of lead, the conversion is incomplete since Pb 02 is not the stable form 
of lead oxide. Silica, SiO^, dissolves in hydrofluoric acid ; germanic oxide, 
Ge 02 ,m acids; and both tin and lead dioxides dissolve in acids to form 
salts. The dioxides are distinctly acidic, uniting with alkalies to form, salts 
of the type MRO^. The elements all form sulphides of the types MS and 
MS 2 , although the existence of RbS^ is not well established. The mono 
sulphides GeS, SnS, and PbS, react with alkalies to forni thiosalts of the 
type RgMSg. These elements all form chlorides of the type MCli. Like 
bismuth in the phosphorus family, lithium in the alkali famiiy, mercury in 
the zinc family, lead seems to link this family with some other family 
group. 

§ 11. Titanium, Zirconium, Cerium, and Thorium. 

Titanium, Ti. Zirconium, Zr. Cerium, Ce. Thorium, Th. 
Atomic weight . , , 48T ■ ’ ' , 90*6 ' 140*2o 232'4 

Titanium.“«Titanium was' ;-&advere<J in 1791 by W. Gregor while 
investigating the magnetic sand," ^ found in Menachan 

{Cornwall). ■ He called this element. men^Mnd’ Three years later, M. H. 
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Klaprotk found what' he supposed to be a new earth in rutile. He called 
the . metal derived from the earth “ titanium/’ and, in 1797,' he' showed 
that titanium was identical with the menachin. of W. Gregor. The: term' 
“titanium” was_ derived from “Titans,” the fabled giants of ancient 
mythology. J . J . Berzelius first isolated the metal — more or less impure—* 
111 , 1825 . , ■ ; 

Titanium does not occur in nature free ; but combined, sma'il quantities 
are exceedingly common. Most sands, clays, granitic rocks ■ contain a 
small proportion, say, about 0*5 per cent. Titanium has been detected 
in many mineral waters, in many plants, the bones of animals, in the 
atmosphere of the sun (by the spectroscope), etc. The chief niinerals 
are mMfe, TiOg (tetragonal, sp. gr. 4*3), and the trimorphic &fooMe, 
TiOg (orthorhombic, sp. gr. 4*0), and anatase, TiOg (tetragonal, sp. gr. 
3*9) ; titanium also occurs in minevsiis ilmenite (titaniferous iron ore), 
EeTiOg ; spliem or titanite^ or calcium titanium silicate, CaTiSiOr, that 
is CaO.TiOg.SiOg. , ■ ■ 

We have just seen that titanic oxide, TiOg, is trimorphous, and isotri- 
morphous with stannic oxide, p. 972. Anatase crystals appear to separate 
when a solution containing titanic oxide is heated to a temperature of 
about 860"^, at about 1000°, crystals of brookite separate, and at higher 
temperatures, rutile. The isomorphism of tin and titanium oxides is 
illustrated by the following scheme : 

Tetragonal. Rhombic. 

TiOg . . . . . Rutile Brookite 

SnOg . , . . . Oassiterite Artificial 

SiOg . . . . . — Tridymite 

Titanic oxide, or titanium dioxide, TiOg, is both acidic and basic. It 
forms titanates when fused with alkalies, e.g^ potassium titanate, KgTiOg, 
when fused wdth potassium hydroxide. It also forms salts, TiCi 4 , Ti(S 04 ) 2 , 
etc., where titanium is a tetrad. Titanic chloride, TiCi 4 , is made by passing 
chlorine over a mixture of titanic oxide and carbon. Titanic hydroxide, 
Ti(OH) 4 , is precipitated from its salts by the addition of alkaline hydroxide 
or ammonia. TOien dried it appears to form metatitanic acid, HgTiOg, 
b 3 ' the loss of a inoiecule of water. There is a doubt about the actual 
formation of a definite acid, but in any case, there is a well-defined series 
of motatitanates — KgTiOg, EeTiOg, etc. Several basic salts have been 
reported — e.g. TiO(S 04 ), etc. Metallic zinc or tin reduces acidified 
solutions of titanic oxide to violet-coloured titanous chloride, TiCig, wliere 
titanium is a triad. The corresponding oxide is titanium sesquioxide, 
TigOg. Titanous cliloride is a powerful reducing agent— ferric salts are 
reduced by it to ferrous salts ; cupric to cuprous salts, etc. FeCig -f* TiClg 
-r- TiCl^ + EeClg. The reaction with ferric salts is quantitative and takes 
place in the cold ; a standard solution of titanous chloride furnishes a 
ready means of ascertaining the amount of ferric oxide in a solution with- 
out the need for a preliminary reduction of the ferric salt as in the case 
wiiere a permanganate or dichromate solution is used for the titration. 
The standard solution of titanous cliloride must be protected from oxidation 
after It has been standardized. The titanous chloride solution is made by 
the electrolytic reduction of titanic chloride^ or l^y reducing the latter with 
zinc oriinandacid. The titanic salts arendt reducedBy hydrogen sulphide 

Sl2 


Tetragonal. 

Anatase 

Artificial 
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or sulplmrous acid, but, like the ferric salts, acidified solutions are reduced 
to titanous salts by zinc, tin, etc. Hydrogen peroxide produces an orange- 
yellow coloration in the presence of titanic salts, and this test is used for 
the colorimetric determination of titanium in rocks, etc. The intensity 
of the colour is proportional to the amount of titanium present owing, it 
is supposed, to the formation of a titanium peroxide, TiOg. Vanadium 
salts in a similar manner produce a brick-red coloration. The yellow 
colour with titanium is supposed to depend upon the formation of titanium 
trioxide, TiOg, where titanium appears to be sexivalent. A series of 
biyaient titanium salts, blue in colour, are known. The corresponding 
oxide is titanium monoxide, TiO. The metal is made by reducing the 
dioxide mixed with carbon in an electric arc furnace, and also by Gold- 
schmidt’s process. A sample of the metal of 99*9 per cent, purity melts 
at 1795"^, and burns when heated in oxygen, forming titanium dioxide ; 
and at 800°, in nitrogen, it forms titanium nitride, TigN.^. The metal 
decomposes boiling water, and dissolves in acids forming titanic salts. 
Titanium is closely related with silicon, 

Ferro-titanium (an alloy of iron with, usually, 10 to 15 per cent, of 
titanium) is used in the purification of Bessemer’s and the open-hearth 
steel. Enough titanium is added to give a steel coiitaimng 0*05 to 0 ‘2 
per cent, of titanium. It is said that the beneficent effect of titanium is 
not that of an alloying element proper, but that “ the titanium acts simply 
as a purifier, for it is a powerful deoxidizer of molten steel and it removes 
part if not all the nitrides as well.” It prevents brittleness, and allows 
the steel to carry a greater proportion of carbon, thus improving the 
durability and toughness of the metal. Titanium carbide has been used 
as the negative pole for arc-lighting, the positive pole being a rod of copper, 
or carbon. One of the electrodes in the so-called “ magnetite ” arc lamp 
is a mixture of magnetite and chromite with 15 to 20 per cent, of rutile. 

Zirconium. — ^Wiiiie M. H, Klaproth was analyzing the mineral zircon, 
in 1788, he found one variety contained : 

Silica. Mekel and iron oxides. New earth, 

31*5 0*5 68*0 per cent. 

Unlike aluminium, the new earth did not dissolve in alkalies. The 
fact that the new earth was separated from zircon led to the term “ zir- 
conia,” and “ zirconium ” for the corresponding metal, 'which was isolated 
by J, J. Berzelius in 1824, Several chemists have reported that zii-conia 
is a mixture of two distinct earths : one zirconia proper, and the other 
a new earth styled by L. E. Svanberg (1845), “ noria,” and by H. G. Sorby 
(1869), “jargonia.” These pseudo-discoveries have been traced to the 
contamination of zirconia with known elements — e.g. uranium, etc. 

Zircon is said to be a silicate of zirconium, ZrSi 04 , because the ratio of 
the percentages of silica and zirconia obtained by analysis of the mineral 
approximate (1:1). The isomorphism of the mineral with tetragonal silica 
has led some to regard zircon as an isomorphous mixture of the two oxides. 
Zirconium forms two series of oxides, ZrOg and ZigOg. When zircon is 
fused with sodium carbonate, and the fused mass is treated with water, 
sodium 2 irconate,Na 4 Zr 04 , and, sodium silicate, Na^SiO^, pass into solution; 
the sodium zirconate is immediately;^ hydrolyzed into insoluble zirconium 
hydroxide, Zr(0H)4. This latter^ on ignition, furnishes zirconium dioxide 
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or zirconia, Zr 0 2, ' wliicli 1ms both acidic and basic properties.' The iiiet-al is 
made by reducing tlie dioxide with carbon in the electric furnace. ■ ZircO'nia 
is used in place of lime in Drummond’s lamp— -zhcoii lamp. Zirconia 
mixed with iiiagnesia, tlioria, etc., is used as the glower filament in Nernst’s 
iariip. , The filament is a non-conductor of electricity at ordinary tempera- 
tures, but when heated, it conducts and radiates a greater amount of light 
for a given consumption of electrical energy than the carbon filament lamp 
in common use. Zirconia is also used in the' manufacture of incandescent 
mantles, and in the preparation of very refractory crucibles, etc. 

Cerium.— -In 1803 M. H. Klaproth discovered,, a new iight-browii earth 
wdiiie .analyzing a mineral from Eidderhyttan', (Sweden). Klaproth called, 
the .earth, “ ochroite,” from the Greek ^^pos (ochros), brownisli-yelIo:w. At 
the same time, and' independently of- Klaproth,' J.'' J. Berzelius' and "W." 
Hisinger made the same disco'.very,-and named the earth ceria ” in lionoiir 
of the discovery of the planet Ceres by G. Piazzi, in 1801. The term 
‘'ceria” has been retainecl The element w’-as isolated by Mosander in 
1826. Ceria is one of the so-called rare earths (g'.u.) ; it occurs more 
particularly in cerite, euxenite, and monazite. Cerium forms two oxides 
and two well-defined series of salts in which cerium is respeetivel}?” ter- and 
quadri-valent. Both oxides are basic. The former furnishes white cerous 
salts — Ce(N 03 ) 3 , etc. ; the latter, orange-red ceric salts — Ce(N 03 ) 4 , etc. 
An a^iioy of cerium and iron— called Amr produces bright sparks 

when drawn across a ix)ugh surface, and it is hence used in the manufacture 
of gas lighters. Cerium metal readily oxidizes on exposure to air. Its 
specific gravity is 7 *04, and it melts at 623°. 

Thorium. — In 1818 J. J. Berzelius believed that he had discovered 
a new earth in a minerai from Fahlun (Sweden), and he gave it the name 
‘Hhoria” — ^from Thor, son of the Scandinavian god Thor. There 
was some doubt at the time about the novelty of this earth. In 1828 
Esmark discovered a mineral near Brerig (Norway) from which Berzelius 
isolated an earth very similar to that previously called "tlioria.” 
Esmark’s mineral was subsequently called “ thorite.” The earth thorla 
was afterwards detected in many other minerals — ^thorianite (Ceylon), 
monazite, orangeite, orthite, euxenite, etc. In 1862 J. E. Balir thought 
that he iiad discovered a new element in a mineral resembling orthite. 
This element was called “wasium.” Balir s wasium was afterwards 
identified with thorium. Thorium is closely analogous in properties -with 
zlrcoiiiiini and silicon. Thorla is largely used in the manufacture of in- 
caiidescont mantles (p, 024). It naelts and begins to volatilize at about 
2000°. The main supply is monazite sand which contains 1 to 7 per cent, 
of thorium oxide, as w^ell as cerium oxide, etc. The pownlered mineral is 
digested wutli sulphuric acid. The solution is evaporated to dryness 
and extracted with water. The solution is treated wdth oxalic acid when 
the rare earths and thoria are precipitated as oxalates. Several methods 
are available for separating thorium, thus, (1) the oxalates can be digested 
in ammonium oxalate in which thorium oxalate is soluble ; and (2) the 
oxalates can be converted to sulphates and dissolved in, ice-cold water. 
On warming, thorium sulphate crystallizes out. 

Family relationship of the group.— There 'are some marked^ dissimi- 
larities in the elements of this grqup*both in_physioaI and chemical pro- 
perties. Tliis is more particularly the case with cerium, which, in some 
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respects, can be said to occupy an anomalous position. To summarize 
the physical properties of the related elements titanium, zirconium, cerium, 
and thorium : 


Table LXIII.— Properties of the Titanium -Thor him Family. 



Titanium. 

Zirconium. 

Cerium. 

Thorium, 

Atomic weight . 

48*1 

90-6 

140*26 

2.32*42 

SxDecific gravity 

4*87 

6-4 

7*04 

11*00 

Atomic volume . . | 

9*88 

i4*i 

19*92 

21*13 

Melting point . . j 

1795'* 

2350® 

^ 830° 

2000° 

1; 


The relationship of this group of elements to the carbon-lead family 
is sometimes represented by means of a diagram like that shown in the 
margin. The differences between cerium and thorium, and 
between tin and lead are supposed to indicate the existence 
of elements not yet discovered, and wdiich are represented in 
the diagram by hyphens. Titanium is the only element in the 
group possessing salts which bear a marked resemblance to 
those of stannous tin. These elements ail form dioxides 
when heated in air or oxygen ; and they are all precipitated 
as hydroxides by the addition of ammonia to solutions of 
their salts. They all exhibit basic properties uniting with 
acids to form salts ; and when fused with alkalies, titania and 
zirconia show basic properties forming, say, sodium titanate, 
NagTiOg, and sodium zirconate, NagZrOg ; thus recalling 
sodium carbonate, NagCOs, and sodium silicate, NagSiOg. 
Ceria and thoria do not form similar compounds. The fact that when the 
hydrated dioxides are precipitated by potash-lj^e, the w^hole of the alkali 
cannot be removed by washing may be a case of adsorption, or it may 
indicate the possible existence of cerates and thorates. The tetrafiuorides 
of all four elements are formed by dissolving the dioxides in hydrofluoric 
acid, the fluorides of titanium, zirconium, and thorium unite with the 
ahiali fluorides forming the, fluotitanates, fluozircoiiates, and fluothorates. 
Cerium forms a double fluoride which is not the same type. Titanium 
and cerium form an -ous and an -io series of salts. Zirconium and thorium 
form -ic salts. The salts of the whole family are very prone to double -salt 
formation. While carbon tetrafluoride is an inert substance resembling 
the paraffins, the fluorides of the other elements — silicon, etc. — have a 
marked residual affinity, which is shown by their forming complex salts 
like MaSiFs, K^ZrFs, (NHJaSnCle, (NH.l^PbCle, etc. 

The element hafnium, Hf, recently discovered by D. Coster and G. von 
Hevesy (1923) to be associated with most zirconium minerals, has an 
atomic weight about 174T, and is closely related to zirconium. 

The French chemists claim that, the name of hafnium should be eeltiuni, because 
G. Urbain announced the discovery, of a new element “ eeltium ” in some rare 
earth residues. In 1911 eeltium proved to be impure lutecium, but in the 
spectrums of some residues afterwards (1922) obtained there wei’e lines which 
corresponded with a new element. ' ■ -Our knowledge of the neoceltium is very 
meagre compared even with the UttleYmown about hafnium, thoiigh both are 
probably the, same element. . 


Si 

n \ 

I Ge 
Zr i 
I Sn 
(Ce) 1 


if 

i 

Th 


Pb 
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§ 12. The Rare Earths, 

Tlie rare earths form a group to themselves ; chemically, they are so much, 
alike that it taxes the utmost skill of the chemist to effect even a partial 
separation, and their history is so obscure that we do not yet loiow the 
nuiiibe.r of them. — W.:C eookes. 

, In 1794 J. Gadolin discovered a new earth in the mineral gadolinite, 
which , had been named in honour of himself ; - and in 1797 A. G. Ekeberg 
named the new earth' yttria, after Ytterby, the place in Sweden where the 
mineral was found. C. G. Mosander (1843) noticed that what was then 
called yttria is really a complex earth containing yttria proper, and two 
other earths, which •were oxides of two new elements, erbium and terbium. 
In 1880 P. T. Cieve found erbium earth not only contained erbium, but also 
a new element thulium — ^a name derived from the old Latin Tkule iov the 
uttermost nortli — and holmium. In 1905 G. Urbain also discovered 
lutecium in the yttria earths (p. 781). In 1886 Lecoq de Boisbaudran 
separated dysprosium — ^from the Greek (dyspros), difficult, in 

allusion to the trouble involved in its isolation—from the same earth. 
In the same year, C. Marignac and Lecoq de Boisbaudran showed that 
terbium earth contained a new element gadolinium as well as terbium. 
In 1878 C. Marignac found the oxide of a new element in gadolinite. 
This he named ytterbium, after Ytterby (Sweden). In 1879 L. E. Niison, 
while extracting ytterbia from the mineral euxenite, also separated an 
unknown earth which he called scandium, in honour of his country — 
Scandinavia— where the mineral was found. In 1839 C. G. Mosander 
separated the oxide of anew element from an earth which had hitherto 
been thought to be ceria. This earth he named lanthanum, XavBdveiv 
(ianthanein), to hide. In 1841 C. G. Mosander separated another earth — 
didymia< — from lanthanum. The corresponding element was called didy- 
mium— from the Greek StSuyos (didymos), a twin, a name suggested by its 
close relationship and almost invariable occurrence with lanthanum. 

The rare earths include a curious group of basic oxides of elements 
W'hich resemble one another so closely that they appear to form a series 
of compounds wdth properties which change but slightly from member to 
member. The term rare has really changed its significance w^hen applied 
to these earths because some of them are not so scarce and rare as was 
formerly supposed. The rare earths are found in the minerals mentioned 
under cerium, as well as in numerous other rare and scarce minerals. The 
rare earths are separated by first digesting the mineral wdth concentrated 
suljphuric acid. The clear fiitraie is treated with hydrogen sulphide to 
remove copper, bismuth, etc. The solution of the sulphates is treated 
■with oxalic acid. The precipitate containing the oxalates of the rare 
earths is then separated into three main groups according to the solubility 
of their double salts with potassium sulphate. Thus ; 

Insoluble oxelates. 


Insoluble double sulphates 


Soluble double sulphates 


Moderately soluble 


Scandium, Sc . 

Cerium, Ce , 
Lanthanum, La . 
Praseodymium, Pr 140*6 
Neodymium, Nd 144*3 
Samarium, Sa . 150*4 


44*1 Europium, Eu . 162*0 
140*25 Gadolinium, Gd . 167*3 
139*0 Terbium, Tb . . 159*2 


Very soluble 
yttrium, Y 
Dysprosium, Dy 
Holmium, Ho 
Erbium, Er . 
Thulium, Tm 
Keoytterbium, Yb 
Lutecium, Lu 


89*0 

162*6 

163*6 

167*7 

168*6 

172*0 

175*0 
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Fractional precipitation.— It- is tery difficult 'to further separate the 
members of these series one from the other, and there is some uncertainty 
as to whether some so-called elements are really homogeneous. The 
elements of the rare earths are in many cases so closely related that 
they can only be separated into parts which give evidence of chemical 
individuality by very special and laborious methods. The fractional 
separation of these elements depends on a reaction in which there is a 
difference in the behaviour of the elements, even though the ditlereiice be 
slight. vSuppose, for instance, two earths differ slightly in basicity. Add 
a weak solution of ammonia to a very dilute solution of the earths. The 
dilution must be such that a turbidity appears only after the lapse of a 
considerable time. The liquid is then filtered even while the precipitation 
is still incomplete. There is now a slight difference in the basicity of the 
two portions of the earth so separated, for the portion still in solution is 
ever so slightly more basic than the portion precipitated by the ammonia. 
The process is repeated on the two portions and the separated portions 
are again treated and the operations are so continued that the differences 
accumulate systematically and finally become perceptible by physical or 
chemical tests. The reaction most suitable for the fractional sopara.tion 
depends on the nature of the earths to be treated. For example, fractional 
lU'ecipitation of the hydroxides by means of ammonia v/hen the less soluble 
earths are deposited first ; fractional crystallization of salts — bromates, 
oxalates, formates, etc. 

By fractional precipitation, Lecoq de Boisbaiidran, in 1879, separated 
samarium from didymium (discovered by C. G. Mosander in 1841), 
Samarium was named after the mineral samarskite which, in turn, was 
named after a Eussian, M. Samarsky. E, Demar 9 ay, in 1901, separated 
europium from samarium ; the residual didymia was supposed to be the 
oxide of a distinct metal, didymium, with a definite atomic weight and 
which furnished salts whose aqueous solutions gave a characteristic absorp- 
tion spectrum. In 1885, by the fractional crystallization of a nitric acid 
solution of didymium ammonia-nitrate, A. von Welsbaoh separated this 
salt into two other salts, one bright green and the other amethyst blue. 
The corresponding oxides were respectively pale green, and pale blue. 
The metal derived from the pale green oxide was called praseodymium — 
from the Greek irpda-tvos (prasinos), leek green ; and the other was called 
neodymium— from the Greek v4os (neos), new. Aqueous solutions of the 
two fractions have distinct absorption spectra, but when mixed in the 
right proportions, the original didymium spectrum is reproduced. The 
atomic weights of the two elements differ but slightly from one another — 
praseodymium, 140*6 ; neodymium, 144*3. This reminds us of the 
resemblance between cobalt 58*97, and nickel 58*68. The history of cerium 
is rather cimous. What was caEed cerium in 1803 was found to be a 
mixture of the elements lanthanum and cerium ; and in 1841, lanthanum 
was found to be composed of two elements, didymium and lanthanum ; 
the element didymium in 1879 was, found to be a mixture of samarium 
and d.idymium; and in 1901, samaiium was found to be a mixture of 
Qiiropium and samarium, while . didymium, as just indicated, was found 
in ^1885 to be a mixture of; .pra^d^ium and meodymium. There is 
quite a list of elements which have been announced but whose claims for 
recognition have not been generally accepted. 
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Meta-elements. — In 1887 W. Crookes' argued very ingeniously 
tiie closeness of tiie re,IationsMp between tbe metals of the rare oarths 
makes it probable that, these .elements are modifications of .one common 
' eieiiieiit. , , For example, by a laborious process of .fractionation, Crookes 
subdivided yttria into some eight components with different plicsphorescent 
spectra, but the difference in the chemical -properties oi the fractions was' so 
slight that, if it were mot for a slight difference in the solubilities ' of the 
different fractions in ammonia, the fractions could not have been separated 
.from one another, Crookes points out that the original yttrium passes 
muster as an element. It has a definite atomic weight," it enters into 
..eoiiibiiiation with other .'elements, and -it can be 'separated from them. ..as 
a v/hole. ' . But the searching process of fractionation 'sorts the atoms, ot 
yttrium into groups with different phosphorescent spectra, and presumably 
dllierent atomic weights, though from the usual chemical point of view 
ail the groups behave alike. “Here, then, is a so-calied element whose 
spectrum does not emanate eciiiaUy ffom ail its atoms ; but some atoms 
furnish some, other atoms others, of the lines and bands of the compound 
spectrum of the element. Hence the atoms of this element differ probably 
in weight, and certainly in the internal motions they undergo.” Assum- 
ing that the principle is of general application .to all the elements, and is 
limited by our knowledge of tests delicate enough to recognize the simpler 
constituent groups of the different elements, it is inferred that there are 
definite differences in the internal motions of the several groups of the 
atoms of a chemical element. The seven series of bands in the absorption 
spectrum of iodine, for instance, may prove not to emanate from every 
molecule, but “ some of these molecules may emit some of the series, others 
others, and in the jumble of all these molecules, to which is given the 
name '* iodine vapdur,’ the whole seven series a-re contributors.” Ordinary 
elements thus represent the limits of the analysis of matter by chemical 
methods, while the spectra of some elements show that although chemically 
homogeneous they are probably mixtures of a number of distinct -com- 
ponents. Crookes thus introduced the conception of what he called 
meta-eiements for those fractional parts of an element which resemble one 
another so closely that the mixture of elements appears chemically homo- 
geneous. The properties of the ordinary elements are supposed to be an 
average of the properties of aggregates of several meta-elements. Tiie 
spectra of the meta-elements seem to furnish a decisive means of dis- 
criminating bet-ween these bodies which are otherwise similar in chemical 
properties. 

Questions. 

1 . Indicate the points of similarity and contrast between the dioxides of barium, 
lead, and manganese. — St. Andreivs Univ, 

3. The molecular wight of litharge (an oxide of lead) is The per cent, 

of lead is 02*8. The specific heat of lead is 0*031. Calculate the exact atomic 
weight 0,1 lead. — Princeton TJniv., V.S. A. 

3. Give the names and formiiliB of the oxides of lead, and describe ell that can 
be observed when each of these oxides is heated in an open erticibie. From 
i gram of one of the oxides of lead, 1'269 grams of lead sulphate can be obtained : 
which of the oxides is it ? (Pb =: 207, 0 «==•- IQ.y-^Shefficld Univ, 

4, Starting with the metals tin and aluminium, show how yon would make 

sodium stannate and sodium aluminat#; and in what respect the two processes 
differ. — Amherst Coll.^ U,B.A„ ' , ■ . 
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5. What substances are formed when tin, iron, and zinc are severally dissolved 
in hydrochloric acid ? Describe experiments to show that the solutions obtained 
from tin and iron are reducing agents, and explain why they differ in this respect 
from the zinc solution. — Sheffleld Univ* 

6. What would b© produced if tin foil were introduced into solutions of the 
following salts; (1) silver nitrate, (2) lead acetate, (3) copper sulphate, (4) copper 
chloride, (5) stannous chloride, (6) alum, (7) ferric chloride ? Give equations.— 
London Vniv. 

7. When iron stands in damp air it rusts. When lead and silver are exposed 
to air they become tarnished. Explain what has taken place in each ease. Do 
these changes cause any alteration in the weight of the metals ? — Aherdten Univ* 

8. Explain the modern processes adopted for the smelting of lead from galena, 
and in the desilverization and softening of the crude metal . — Board of Bduc,^ 

f). Enumerate the chief sources from which the following metals are obtained : 
lead, tin, copper, and mercury. Describe briefly the method by wfliieh any one 
of these is produced from its ores. ' — Aberdeen Uni'iu 

10. Describe the extraction of lead from galena and of silver from argentiferous 
lead. How may the oxides of lead be procured from metallic lead ? — 0L Andrews 
Univ. 

11. When hydrogen is made in the ordinary way, to what is the disagreeable 
odour due ? If tin were used instead of zinc, would you expect the same odour ? 
(Explain from the method of purifying these metals .) — Amherst Coll.^ U.S.A. 

12. Explain how each of the follo’wing oxides can be prepared ; Barium 
dioxide, sodium peroxide, nickelic oxide, lead peroxide. What is the action of 
hydrochloric acid on each of them, and by what chemical behaviour can they foe 
classified into two groups ‘t —London Univ, 

13. What is meant by the valency of an element ? How is it determined ? 
Is it always the same for the same element ? If not, have any relationships 
been found amongst the valencies of an element ? What are the valencies of 
nitrogen, carbon, lead, iron ? — London Univ, 

14. To determine the equivalent of lead, Stas converted 103 grams of the 
pure metal into 104*775 grams of pm’e dry nitrate by evaporation with nitric 
acid. Assuming the atomic w'^eight of oxygen to be 16, and of nitrogen 14*04, 
calculate the equivalent of lead. The specific heat of lead at 15® was found by 
Hacoari to be 0*03. Calculate the atomic weight of lead. and exjilain why a 
determination of the specific heats leads to a knowledge of the atomic weight. — 
London Univ, 

15. Select any two substances out of the following list which could exist 

together in aqueous solution without any precipitation taking place : — AIo(SO,j)3, 
CuSO., KNO.„ ZttS04, NaCl, Pb(N03)., FeCL, (KH4)oC03, BaCi;, KoS, 
0a(N03)2, KCIO3.— i?, Galloway, “ 

16. JDescribe what occurs when hydrogen sulphide is passed (until there is no 
further action) into solutions of {a) caustic potash, (6) nitric acid, (c) stannic 
chloride, {d) ferric chloride, (e) chromic acid and sulphuric acid, (/) iodic acid, 
{g) sulphurous acid. — Owens ColL 

17. Give a short account of the sources and varieties of water used for drinking 
purposes. What potable waters are specially liable to give rise to lead poison- 
ing ” ? — Calcutta Univ, 

18. Write an account of the oxides of lead, and show how the higher oxides 
may be formed from and converted into the lower. — London Univ. 

19. One gram of copperas was dissolved in water and the solution made up to 
250 c.e. ; 50 c.c.wtis then mixed with ammonia and hj^^drogen peroxide and boiled 
for 5 minutes to oxpel the excess of hydrogen peroxide ; the precipitated ferric 
hydroxide was dissolved in hydrochloric acid and titrated with a solution of 
titanous chloride each c.c. of which was equivalent to 0*001823 gram of Fe. An 
excess of potassium thiocyanate was used as inside indicator. 22 c.c. of tlie 
titanous chloride solution were needed to discharge the red colour of tlie ferric 
thiocyanate. Required the purity of the sample of copperas.— i?. Knecht and E, 
Hibbert, Answer: 96*73 per cbnt. of FeS04,7H20. 

20. What would be the effect produced if zinc-foil were introduced into solu- 
tions of the following salts i (1) silver nitrate, (2) lead nitrate, (3) copper sulphate, 
(4) copper chloride, (5) stannous chloride, ,(6) alum, (7) ferric chloride ? Give 
equations. — London Univ, 

21. Starting from lead sulphide, , describe how you would pi’epare (n) lead, 
(h) litharge, (c) “ red lead,** fdy * white lead.’* "How would you detect the 
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presence of lead peroxide and of lead chloride in a mixture of these two substances, 2 
^Board of Bdue, 

22, Thill layers of .oxides^ form over" the surfaces of many metals which have' 

been exposed to the air. This prevents the metals being soldered together. ' The 
plumber makes firm joints bjr using- resin or acid when he is soldering. .Explain 
the action of these agents, ^ ^ 

23. You are required to ascertain the atomic weight of tin from observations 
on the metal and on its chlorides, ^ Assuming that you are supplied with these 
substances in a state of purity, describe in detail the nature of tlie experiments you 
would make . — Punjab Univ, 



CBAPTEE XLII 

The Classification of the Elements 

§ 1. The Law of Octaves — J. A. R. Newlands. 

Tho primary object of classiScation is to arrange the facts so that ^^e can 
acquire the greatest possible command over them with the least possible 
effort. 

The classification of the elements has long been an attractive subject. 
The elements have been classed into metals and non-metais ; into acidic 
and basic, or, what amounts to the same thing, into electronegative and 
electropositive elements ; they have been classed according to their 
valency ; and also according to many other properties. In all these 
systems an element appeared in more than one class ; or elements wdth but 
few properties in common were grouped together. The properties of the 
elements used as the basis of classification may also vary with the conditions 
under w^hich the properties are observed. 

In all chemical changes one property at least remains unaltered, and the 
more successful systems of classification have been based on this property, 
the atomic w’'eiglits of the elements. The early efforts in this direction 
were seriously hampered by the uncertainty in the numerical values of 
the atomic weights. But after chemists had cleared up the confusion 
associated with the atomic theory left by Dalton, and obtained a consistent 
system of atomic weights, the results were more promising. True enough, 
betwreen 1816 and 1829, J. W. Dobereiner noticed some regularities in the 
atomic weights of certain related elements, for he found that most of the 
chemically related elements either exhibited almost the same atomic 
weight — e.g. iron, cobalt, and nickel — or else exhibited a constant difference 
when arranged in sets of three. Thus, selecting one set from Doberelner’s 
list, and rounding off the modern atomic weights, 

Calcium. Strontium, Barium. 
Atomic Weight . 40 87 187 

Difference ... 47 50 

Many felt intuitively that the list of Dbbereiner^s triads was but a fragment 
of a more general law. Between 1863 and 1866, J. A. E. Newdands 
published a series of papers in which he arranged the elements in the 
ascending order of their atomic weights, and noticed that every succeeding 
eighth element was a kind of repetition of the first.’' Thus, 

r . H Dx' 'Be • , B- 0 H 0 , 
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111 other words/’ said Newiands, “ members of the same group of elements 
stand to each other in the same, relation as the extremities, of on© or more 
, octaves in. music. This peculiar relationship I propose, to : provisionally, 
term the lav/ .of , octaves.”, Hewlands noticed that .elements ,■ belonging 
to the, same group “ usually ’’, appeared in the same column; anci he 
declared that all the numerical relations which- had been observed among 
the . atomic ■ weights “■ including the'. well-known triads^ are merely arith- ' 
metical results flowing from the existence of the law of octaves.” 

The “ law of octaves ” did not attract much attention, probably because 
faulty atomic weights seriously interfered with the arrangement. ^ Similar 
remarks apply - to some, papers by A. E. B. de Chancourfcois in ,1862/ 
where, it vf as proposed to classify -the elements by their atomic w^eights.- 
Chancourtois arranged the elements in a spiral line according to their 
atomic weights, and stated : les proprietes des corps wnt les propriUes des 
nomhres, Chancourtois’ ideas were so much entangled with extraneous 
verbiage, and the truth was so much obscured by useless and faulty specula- 
tions, that his work lay buried for nearly thirty years, and it was only 
resurrected after Mendeleeff’s system had become famous. 

§ 2. The Periodic Law — D. L Mendeleeff and L. Meyer. 

The periodic series is a brilliant and adequate means of producing an easily 
surveyed sy^stem of facts which by gradually becoming complete will take 
the place of an assemblage of the known facts.-— E. Mach. 

D. I, MendeleeS and L, Meyer, quite independently and, so far as we can 
tell, quite in ignorance of Newiands’ and Chancourtois’ w^ork, obtained a far 
clearer vision of the “ iaw’ of octaves” about 1869. Mendeleeff said: 

“ When I arranged the elements according to the magnitude of their atomic 
weights, beginning with the smallest, it became evident that there exists 
a kind of periodicity in their properties.” Otherwise expressed, if the 
elements be arranged in the order of increasing atomic weights, their 
pro2)ertie$ vary from member to member in a definite v^ay, but return more 
or less nearly to the same value at fixed points in the series. Mendeleefi 
continued : “I designate by the name ‘ periodic law^ ’ the mutual relations 
between the properties of the elements and their atomic weights, these 
relations are applicable to all the elements, and have the nature of a 
periodic - function.” Expressed more concisely, Mendeleeif’s periodic 
law: The properties of the elements are a periodic function of 
their atomic weights. The early tables were very imperfect for the 
reasons stated above. Mendeleeff’s tables of the atomic weights w'ere 
designed to tabulate the elements in such a way as to exhibit the greatest 
number of relationships. The original tables were afterwards amended 
and modified owing to improved data and the discovery of new elements. 
The symbols of the elements with their atomic weights have been arranged 
on a iieiix, on a spiral, and in numerous other ways. Table LXIV., not 

i When Mr. Newiands read a paper on “ The Law of Octaves ” at a meeting . 
of the London Cliornical Society in 1866, Prof. G. G. Foster said that any arrange- 
ment of the elements would present occasional coincidences, and inquired if 
]\Ir. Newiands had ever examined the elements according to their initial letters. 
Twenty-one years later the Royal Society awarded. Newiands the Davy Medal for 

his discovery. . t ± ^ 

^ A periodic hnietion is one value repeats itself at regular intervals. 

The ifttef vai is called a period.” 
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THE GLASSIFICATION OP THE ELEMENTS 

very different in style from one of Mendeleeff’s first tables^ is one of the 
simplest modes of arrangement, perhaps the best. ^ 

The nine vertical columns are usually styled groups, and the. thirteen 
horizontal lines series or periods. We have already studied the pro- 
perties of the elements and of their compounds from the point of view of 
this system of classification. Our brief reviews of the families or groups will 
therefore suffice to emphasize the relationships of the members of any 
given group. Each short period, it will be observed, contains eight 
elements; and each long period either contains eighteen elements^^of 
which three are the so-called transition elements, or else it has provision 
made for eighteen elements. Hyphens are inserted in the spaces where 
the corresponding element is unknown. The elements in the first short 
series are sometimes called group elements or bridge elements, since 
they show a notable gradation of properties, from one to the other, and 
serve as links or bridges between the different groups. The members of 
the next short period or series 3, are called typical elements because 
they have the typical properties and characteristics of the group, and 
show a rather wide divergence from neighbouring groups. Each typical 
element of the different groups diverges into two sub-groups. 

The transitional elements. — It will be noticed that there is a distinct 
difference between the members of the odd and the even series. The 
alternate even series, say the fourth and sixth, resemble one another more 
closely than the successive members of the odd series, say the fifth and 
seventh. The lower oxides of the last members of the even series resemble 
in many ways the first members of the odd series. Thus the basic oxides 
of chromium and manganese are in many ways similar to the oxides of 
copper and zinc. Again, there are marked ^fferences between the last 
members of the odd series (halogens) and the first members of the next 
even series (allcali metals). Those elements which cannot be placed in 
short periods fall in better with the last members of the even series and the 
first members of the odd series. Thus, iron, cobalt, and nickel fall between 
manganese and copper both wuth respect to chemical properties and atomic 
weights : 

... Or Mn Ee Co M Cu Zn . . . 

Atomic weight , 52 54*9 55*8 59*0 58*7 63*6 65*4 

Specific gravity . 6*9 7*4 7*8 8*7 8*8 8*9 6*9 

Atomic volume . 7*5 7*4 7*1 6*8 6*7 7*1 9*5 

SO also Eu — Eh — ^Pd Ag come just after the sixth series, and Os — Ir— 
Pt ^ All after the tenth series. The inert gases are considered to form a 
kind of transition between the last members of the odd series (halogens) 
and the first members of the even series (alkali metals), and consequently 
also, they only occur in the horizontal rows where transitional elements in 
the eight groups are absent. 

The following arrangement, modified from one by T. Bayley (1882), 
emphasizes the relationship and yet the individuality of the subgroups, 
the character of the transition elements, etc.® 

^ Other schemes have advantages aa well as disadvantages over Mendel^eff^s 
iirrangemenfc, so that there is no special reason why any one should he here given 

The^meaning of Protyle ” and #f " Extinct Elements ” will be indicated in 
the discussion later on. 
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TMs table also emphasizes the fact that while the atomic weights of the 
elements progressive^ increase, their properties recur at definite intervals ; 
iio well-known elements are omitted from the scheme ; 'with three excep- 
tions the order is that of the atomic w^eights, and the elements fall into 
tdrtually the same groups as would have been obtained had they been 
grouped according to their chemical behaviour. 

Most of the well-defined physical and chemical properties of the 
elements are periodic — valency, specific gra'^ty, atomic volume, melting 
point, hardness, malleability, ductility, compressibility, coefficient of 
expansion, thermal conductivity, latent heat of fusion, refraction equi- 
valents for light, colour, electrical conductivity, magnetic power, etc. 
When the numerical values of these properties and the atomic *weightH 
of the elements are tabulated on squared paper, a curve is obtained which 
is broken up into periods, as we have found to be the case in Eig. 151. 
The properties of analogous compounds of the elements — ^molecular 
Mumes, melting points, boiling points, stability of the hydroxides, coloin*, 
etc. — are very often periodic. The heats of formation of the chlorides, 
Fig. 114, is a good illustration. The specific heats of the elements are 
unique in fui’iiishing a non-periodic curve. According to Dulong and 
Petit’s law, if oj denotes the specific heat of an element with an atomic 
weight, 3 /, we have = 6*4, This is obviously a hyperbolic not a periodic 
curve like Eig. 151. 

§ 3, The Gaps in Mendeleefi’s Tables of the Elements. 

The periodic law has given to chemistry that prophetic power long regarded as 
the peculiar dignity of its sister science, astronomy. — H, C. Boston, 

Both Meyer and Mendeleefi considered it necessary to leave gaps in 
ther tables for undiscovered elements, and more particularly in order 
to keep certain related elements in the same vertical column. ’^lendeMefi 
boldly prophesied that the missing elements would be discovered later, 
and in some cases even predipted their properties in considerable detaiL 
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For instance,, wlien Meiideleefi announced '-tiie law, there were two blank 
sjjaces ill .group III., the missing elements -were called eka-alumifiium 
and eka-boron respectively ^ and another. space 'below titanium, in group 
IV., the '.missing element in this case was called eka-sllicon. . The hypo- 
theticai character of these elements ■was considered . to be an inherent' 
w'eakness of the law, but the %veakness was turned to strength wlien galiium, 
scandium,, and germanium subsequently appeared duly clothed' with those 
very properties which fitted closely with Mendeleeff’s audacious prognosti- 
cations. This ^ hit attracted considerable attention, and served to 
strengthen the faith of chemists in the fundamental truth of the periodic 
law. In illustration the case of eka-silicon and germanium is quoted side 
by side in Table LXV. 

Table LXV, — Comparison of Prebicated and Observed Properties of 
. . Germanium. ' ■ 


Eka-silicon, Es (predicted in 1S71). 


Germanium, Ge (discovered in 1880). 


Atomic weight, 72 
Specific gravity, 5*i5 
Atomic volume, 13 

Eiement will be dirty grey, anti on cal- 
cination -v^ill give a white powder of 
EsOfi.' 

Element will decompose steam with 
diffieuity 

** Acids will have a slight action, alkalies 
no pronounced action 


The action of sodium on ESO 2 or on 
EsK 2 l^G Slve the element 

The oxide EsOg will be refractory and 
have a sp.grt 4*7. The basic proper- 
ties of the oxide will be less marked 
than TiOa and SnOo, butgx'eater than 
SiOg 

Eka-silicon will form a hydroxide 
soluble in acids, and the solutions 
will readily decompose forming a 
metahydrate 

The chloride EsCL will be a liquid with 
a boiling point under 100 ® and a 
Bp.gr. of T*9 at 0 ® 

The fluoride ESF 4 will not be gaseous 

Eka-silicon will form a metallo -organic 
compound Es(C 2 Hg )4 boiling at 160®, 
and with a sp.gr. of 0*06, 


Atomic weight, 72*3. 

Specific gravity, 5’ 47. 

Atomic volume, 13*2. 

The element is greyish -white and on 
ignition fm'nishes a white oxide 
GeOa. 

The element does not decompose water. 

The element is not attacked by hydro- 
chloric acid, blit it is attacked by 
aqua regia. Solutions of IvOH have 
no action, but the element is 
oxidized by fused KOH. 

Germanium is made by the reduction 
of Ge 02 with carbon, or of GeKgFs 
with sodium. 

The oxide GeOg is refractory and has 
a sp.gr, 4* 7031 The basicity is very 
feeble. 


Acids do not precipitate the hydrate 
from, dilute alkaline solutions, but 
from concentrated solutions, acids 
precipitate GeOj^ or a metahydrate. 

Germanium chloride, GeCL, boils at 
86 ®, and has a sp.gr. at IS®, 1*887, 

The fluoride GeF 4 . 3 H 20 is a white solid 
mass. 

Germanium forms Ge(CaHg) 4 , w'hich 
boils at 160®, and has a specific 
gravity slightly less than water. 


The confirmations of Mendeleeffs predictions of the properties of eka- 
aluminium (gallium) and of eka-boron (scandium) were equally striking. 
This dramatic achievement focused attention on the generalization ; but 
it is only fair to say that the predictions and their subsequent verification 
are not such positive proofs of the truth of the periodic law as some suppose. 


996 


MODERN INORGANIC CHEMISTRY 


It is certainly wong to say, as G. Winkler did, “ it would be impossible 
to imagine a more striking proof of the doctrine of periodicity of the 
elements than that afforded by this embodiment of the hitherto hypo- 
thetical eka-siiicon,” because gaps appeared in some of the older systems of 
classification, and the properties of the missing members could have been 
predicted, and the atomic weights estimated by analogy with the other 
members of the family, quite independently of, and in some cases better 
than, the periodic law. 

§ 4. The Applications of the Periodic Law. 

A natural law only acquires scientific importance when it yields practical 
resnlts, that is, when it leads to logical conclusions which elucidate pheno- 
mena hitherto unexplained, wdien it directs occurrences till then unknown, 
and especially when it calls forth predictions whicli may be verified by 
experiment.~hD. I. Mendel^eff. 

Mendeleeff pointed out that the periodic law could be employed in : 
1. The classification of the elements ; 2. The estimation of the atomic 
weights of elements not fully investigated ; 3. The prediction of the pro- 
perties of hitherto unknown elements ; and 4. The correction of atomic 
weights. 

1 . The classification of the elements. — ^T. H. Huxley (1864) has 
said : “ By the classification of any series of objects, is meant the actual 
or ideal arrangement together of those which are like, and the separation 
of those which are unlike ; the purpose of this arrangement being to 
facilitate the operations of the mind in clearly conceiving and retaining 
in the memory the characters of the objects in question.’’ The periodic 
system is undoubtedly superior to all the older methods of classification, 
for the law makes it possible to build up a system of the greatest possible 
completeness, free from much arbitrariness, and it furnishes strong 
circumstantial evidence of the correctness of the reasoning employed by 
Cannizzaro to deduce values for the atomic weights of the elements. 

2. The estimation of the atomic weights of the elements. — 
On account of practical difficulties, it is not always possible to fix the atomic 
weights of some elements by vapour density determinations (Avogadro’s 
rule), and by specific heat determinations (Duiong and Petit’s rule), and the 
atomic weights of these elements were frequently assigned on somewhat 
uncertain grounds. According to C. L. Winkler, indium has the equivalent 
weight 37 ’8. The correct atomic weight must be some multiple of this, 
and for no special reason, the atomic weight was once taken to be 37*8 x 2 
= 75*6. In that case, indium would fall between arsenic and selenium, 
where it would be quite mis-matched. Mendeleeff proposed to make 
indium tervalent, like aluminium, so that the atomic weight became 
37*8 X 3 ™ 113*4, and the element fell in the table between cadmium 
and tin where it fits very well. The subsequent determination of the 
specific heat of indium, 0*0577, corroborated the change made by Mendeleeff 
ill the atomic weight from 75*6 to 113*4. Beryllium, ui'anium, and a 
number of the rare earths at one time did not fit very well into the table, but 
Mendeleeff’s alteration of the supposed atomic weights to make these 
elements fit the table were subsequently justified by vapour density 
determinations of the volatile oMorid©, or by specific heat determinations. 
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■ a, The prediction of the properties of hitherto undiscovered 
elements.— In order to avoid introducing new names when speaking of 
/iinknown elements, Mendeleeff desi^ated' them by prefixing" a Sanscrit 
numeral— eka (one), dwi (two), tri (three), etc.— to the names of the 
next lower analogous 'elements of the odd or even numbered series of the 
same group. Thus, the unknoTO elements of group I. will be called eka- 
csesiuni and dwi*ca3sium. Were strontium imknovTi, it would be called 
ekamalcium. In addition to the prediction of germanium, gallium, and 
scandium already discussed, Mendeleeff foretold the possible discovery 
^.of eka- and dwi- caesium ; eka-niobium— En ~ 146; of eka-tantalum— 
Et = 235 ; of dwi- tellurium — Dt = 212 ; and of the analogues of man- 
ganese j eka-manganese— Em == 100 and tri-manganese— Tm = 190. 

The ease of the so-called inert gases is of more recent date. The 
discovery of argon and helium could not have been predicted from 
MeiideleelFs periodic law, but after these elements had been discovered, 
acooinmodated in the periodic table between the strongly acid halogen 
family and the strongly basic alkali metals, the probable existence of other 
similar inert gases was indicated. When an exhaustive search was made 
faypton, neon, and xenon were discovered with properties and atomic 
weights which could have been predicted &om the arrangement made for 
argon and heMum in Mendeleeff 's table. 

4 The correction of the values of atomic weights. — ^If the 
atomic weight of an element does not fit with the regular course of, say, 
the atomic volume curve, Fig. 151, the atomic weight is probably in error. 
Thus, the atomic weights of platinum, iridium, and osmium at that time 
were probably too high, and subsequent determinations verified this 
inference. Thus the atomic weights of these elements were ; 

Platinum. Iridium. Osmium. 

In 1870 196-7 196*7 198-6 

In 1912 ..... 195-2 193*1 190-9 

There are also some misfits in the table as we have it to-day, owing 
to the fact that at least three pairs of elements would be mis-matched if 
they were simply classed according to their atomic weights : argon (39*88) 
and potassium (39*10) ; cobalt (58*97) and nickel (58*68) ; and tellurium 
(127*5) and iodine (126*92). The case of iodine and tellurium has been 
studied very closely. Iodine most certainly belongs to the same group 
as the other halogens, and tellurium to the selenium group, and these 
elements are accordingly placed in these groups in spite of the fact that if 
their atomic weights were alone considered tellurium, would he ranked 
with the halogens, and iodine with selenium, B. Brauner supposes that 
ordinary tellurium is a complex containing a- and ^-tellurium ; but 
tellurium has been melted, sublimed, oxidized, hydrogenized, phenylated, 
dissolved, crystallized, and precipitated; yet nothing but failure has 
followed all attempts to get an atomic weight lower than iodine. Hence 
in spite of the fact that “ the laws of nature admit of no exception ” 
(p. 102), faith in the law has led chemists to allocate these discordant 
elements according to their ohemioai properties and not according to their 
atomic weights. This method must be dubbed “ unscientific,” ^ but the 

i Bode’s law of astronomy successMly Addicted the asteroids and allocated 
their proper place in the solar system; but thesubsequeiit discovery of Neptune 
did not agree with Bode’s law. The « Jtw” wia accordingly abandoned and it 
is now regarded as a curiosity. ' • . , £•:, / ■ . , 


998 


MODERN INORGANIC CHEMISTRY 


circumstantial evidence justifies the procedure, in the expocta.tion tlio/t a 
consistent system will ultimately grow from the tmth and error engrafted 
into the “ law.” It is not very probable that the principle iindeilying 
the periodic law will be abandoned because it is founded on a vast 
assemblage of facts of diiferent kinds ; and because it seems to l)e plastifj 
enough to fulfll subsequent requirements, 

§ 5. Some Defects in the Periodic Law, 

V'Tlie allocation of hydrogen in the, table, as already indicated, is 
difficult, because hydrogen seems to be without companions. It is uni- 
valent, and thus falls eitiier with the alkali metals (D. I. Mendeleeff) or 
with the Iialogens (0. Masson). Hydrogen is electropositive like tlie 
alkali metals, but it is certainly not now considered to be a nietcj. It 
can be displaced by the halogens from the organic compounds, and it forms 
hydrides with some of the metals not at all unlike the halogen salts. Thus 
the position of hydrogen has not been definitely settled. Indeed, hydrogen 
appears to he a “ rogue ” element quite out of place in the general scheme, 
vSome suppose that hydrogen is a member of a series of independent 
elements yet unknown ; the supposed last member of the series is called 
‘‘ proto-fiuorine ” ; so also the elements ‘‘ proto- beryllium ” and “ proto- 
boron ” have been invented, the former with an atomic w^eight 1*33, and 
the latter, 2. Ail this, however, is mere speculation. 

There is a difficulty about the allocation of the rare earths. 
Most of them could be distributed about the table according to their 
atomic weights, or they could be relegated to a class by themselves. 
B. Brauner, who has made a special study of the rare earths, considers that 
they should all be grouped together with cerium so tliat “ Ce, 140*25 ” in 
the table stands for : 

Ce, 140-20 ; Pr, 140-6; Nd, 144*3; Sa, 150-4; Eii, 152; Qd, 157‘3 ; Tb, 159*2; 

1)5% 162*5; Er, 167*7; Tm, 168*5; Yb, 172*0 ... 

This has been called the asteroid theory of the rare earths. The properties 
of the rare earths, however, are not well enough known to give us much 
confidence in the various proposals which have been made for dealing with 
them ; and consequently, Mendeleef! considered that the installation of 
these elements should be deferred. The better known elements of the rare 
earths fit well enough into the table, thus, ytterbium — ^Yb, 172 — fits into 
grouj* III,, series 10, etc. 

If the properties of the elements are dependent on their atomic iveiglits the 
existence of ttvo elements with different properties and appiroximately the same 
atomic weights should be impossihle* Hence the difficulty with elements 
like cobalt and nickel ; ruthenium and rhodium, etc. The peculiarities 
of these elements would never have been suspected from the periodic ]a%v. 

Some elements are allocated places in the table according to their 
atomic weights in opposition to their properties. For instance, copper, 
silver, and gold fall into one group with the alkali metals. The trivalency 
of gold appears to be uncpnformable with the valency of its companions, 
although in its present position the series : PtCi^, AuCl^, HgCl^, and TIC! 
is suggestive. Thallium is very like lead, but its sulphate and some 
other salts are quite diferent' from? lead salts. At least tliree pairs of 
elements have been placed, according to their properties irrespective of 
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their atoiiiic weights, as, indicated, hy the ‘‘ misfits ’’ mentioned, in the 
/preceding section.. , 

Some elements which appear to be chemically similar are. separated 
ill the table. ,For, example, copper and mercury ; ' silver and thallium ; 
baiiiira. .and lead ; , etc., , The position.' of these eleme'nts i.n the table .gives 
no Milt of these c-haracters. Still, it might: be .argued that these, elemeiits 
exhibit many essential , differences, ■ Thus the physical properties of 
merc.ury and copper, and the properties of the cupric and mercuric eliiorides 
and, sulphates shoir great contrasts. The stability of cuprous and 
mercurous c.lilorides is also ver}^" different. - Lead and barium peroxides 
appear to have a different constitution. .The . unstable thallium sesqiii- 
oxide, Ti 203 , coiTespo.nds with the'., other— -more sta.ble — -sesquioxides, 
in the group,, but there are many important points of resemblance between 
thailiiini and tiie alkali metals, and betw^een silver and lead. 

G. i\yruboff (1896) has the idea that the periodic system is a ver}^^ 
interesting and highly ingenious table of the analogies and the dis- 
similarities of the simple bodies— a mere catalogue misonne of the 
elements ; and further, since the laws of nature admit of no exception, 
tlie periodic law must be considered as a law of nature definitely established 
w'liich must be accepted or rejected as a whole.’’ Wyruboff’s proposal 
to reject the periodic law is somewhat precipitate, for we do not feel quite 
satisfied that the, supposed misfits '.are mot 'due, to . .defective Imowiedge. 
There is a distinction between “ failure ” and ‘‘ incomjjiete success. 

§ 6. The Unitary Theory of Matter. 

Chemistry rnarclies towards its goa) and towards its perfection by dividing, 
subdividing, and subdividing still again. — A. L. Lavoisier, 1789. 

Simplicity is the seal of truth. Nature is wonderfully simple, and the charac- 
teristic mark of a childiilio simplicity is stamped upon all that is true and 
noble in nature, — M. Sei-jdivociijs (1650). 

Belief in the simplicity of nature is not logic but faith pure and simple. 
It is one of those insidious and dangerous tacit assumptions v/hich often 
creep into scientific theories. Tacit assumptions are “ dangerous ” 
because they are usually made unconsciously, so that they appear to be 
self-evident truths, and prevent our harbouring the shadow of a doubt 
of their insidious character. True enough, as H. Poincare has said : 
'' E^xry generalization supposes in a certain measure a belief in tho smipli- 
city of nature . . . every law is considered to be simple until the contrary 
has l^een pro’^'-ed,” but faith in this dogma has sometimes led men astray. 
In consequence, hypotheses have frequently flourished in spite of experi- 
mental evidence to the contrary. It is not at all uncommon to find a 
‘‘ law ” which appears to be quite simple when the methods of measure- 
ment are crude and approximate, but becomes exceedingly complex when 
more accurate data are available. We have found this to be the case, 
for instauce, with Boyle’s law, Charles’ law, etc. Another example 
will now be given. 

There was a marked tendency among the earlier Greek philosophers 
to postulate one single kind of matter, a . — (proto) first, (yle) 

matter — or primal element. This priMU inateTia potential matter ) 
w^as supposed to consist of parts w^^ch when grouped In different ways 
jwoduced the various kinds of matter , considered, by, them to be elemental 
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The hypothesis is sometimes eailed the unitary theory of matter: 
all the" different forms of matter in the universe are derived from one 
and the same primordial element. 

The philosopher Anaximenes regarded air as the primal element ; 
HeraMeitos, fire; Pherekides, earth ; Proiit, hydrogen ; and naoderii 
chemical philosophers, electrons, and possibly sether. Thales of Miletus, 
who Nourished in the sixth century b.c., considered that water was the 
first principle. Thales’ doctrine had many supporters— J. B. van Helmoiit 
(1682), etc.— it lived for nearly twenty-five centuries ; and it was de- 
molished in 1770 when Lavoisier demonstrated that water cannot be 
changed into earth (p. 89). 

In 1815 and 1816 W. Prout tried to show that the atomic weights of 
the elements were exact multiples of the atomic weight of hydrogen, so 
that an atom of any element must weigh a certain number of times as 
much as an atom of hydrogen. Hence added Prout, “ rve may almost 
consider the ttp c6r VXrj of the ancients to be realized in h^nlrogen. ’ ’ Accord- 
ing to Front’s hypothesis, the elements are different aggregates of the 
atoms of primordial hydrogen ; that is, the different elements are 
polymers of hydrogen ; in consequence, within the limits of experimental 
error, the atomic weights of the different elements should be expressible 
by whole numbers when the atomic weight of hydrogen is unity. 

Many writers, attracted by its apparent simplicity, gave unqualiffed 
support to Prout’s h^qDothesis ; but an impartial review of the facts, with 
very much more refined data than were available in Prout’s day, led 
J. S. Stas (1860-1865) to state : “ I have arrived at the absolute conviction, 
the complete certainty, so far as is possible for a human being to attain 
to certainty in such matters, that the law of Prout is nothing but an 
illusion, a mere speculation definitely contradicted by experience.” Many 
have tried to reconcile Prout’s h 5 q)othesis with facts by changing the 
standard of reference to an imaginary primordial element •with an atomic 
weight equivalent to liaK an atom of hydrogen (C. Marignac, 1844) ; 
then to a quarter of an atom (J. B. Dumas, 1859). But having once begun 
to divide the hydrogen attorn, there was no limit to the process of suli- 
division, and the hypothesis could then be made to fit any conceivable 
set of atomic w^eights. This tinkering with Prout’s hypothesis brought 
it, for a time, into disfavour. 

The elements, as we have seen, are substances which have never been 
resolved into simpler substances ; we did not say that the elements could 
never be decomposed into a more primitive form (or forms) of matter, 
l^he atom of ati element can be defined as a substance whose parts 
are held together by a force superior to any which has yet been brought 
to bear upon it. The elements have hitherto proved undecomposable, 
but it is quite conceivable that they are not absolutely undecomposable. 
Much circumstantial evidence has accumulated in recent years which 
makes it increasingly difficult to believe that Dalton’s atoms are absolutely 
indivisible ; and to deny that all the different elements have been formed 
from one homogeneous simple primal form of matter which G. Hinrichs 
has called pantogen (1857) ; W. Crookes, protyle (1886) ; and J. L. G. 
Meinecke, urstoff (1817). It has been said that protyle ‘‘is matter 
generalized, stripped of its distmctions, the same from whatever source 
derived ; it is matter in potency y^her than in act ; intangible, inaoces- 
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sible.to sense perception,, probably Indifferent to the solicitations of 
gravity.’’ 

Til© idea that ail the different forms of matter represent different stages 
in, the growing complexity of one single elemental form' of 'matter,.' has 
iianiited th,e ' liiiiiiaii , mind from the earliest times, and the belief that. 

unity is the law^ of ' O-od,” or That simplex veri sigillw% has proved so 
peculiarly faseinating that a remarkable. number of speculations have been 
spun about this theme. ■ ' T.hese ingenious and subtle systems are admirable 
works of art,. but they are outside the realm of science.so long as the evidence 
on which they are founded remains intangible and vague. In recent years 
still another hypothesis is claimed to have been woven with circumstantial 
evidence ■which is rather more substantial than the incomprehensible 
fictions of the metaphysicians, for it can be examined and tested by com- 
parison with gi’oss material facts. It is supposed that the elements have 
been developed by the condensation of a primitive form of matter ; and, 
that the different elements, as W. Crookes expresses it, have been evolved 
by a kind of struggle for existence where elements, not in harmony wdth 
their environment, have either disappeared — extinct elements — or have 
never c^xisted ,* where elements — asUroidal elements — have come into being 
and survived only on a limited scale as is the case with the rarer elements ; 
and wdiere other elements predominate because the surrounding conditions 
have been favourable to their formation and preservation, e.g. the common 
elements* This circumstantial evidence can now be outlined : 

1. Why do so many atomie weights approximate to whole numbers ? 
—The International Table of Atomic Weights, 1916, contains 83 elements, 
and of these, 43 are integers witMn one-tenth of a unit. This fact has 
nothing to do with Front’s discarded hypothesis, but the numbers are 
facts which can hardly be due to chance, because the probability of this 
occurring is exceedingly small — something like one in 20,000 millions. 
It is argued that the approximation of the atomic weights of so many 
elements to whole numbers cannot be reasonably attributed to a fortuitous 
coincidence. 

2. Why do so many gi'oups of the elements exhibit family relation- 
ships ? — If the elements are totally distinct and independent of one another, 
it is exceedingly difficult to reconcile the regularities and analogies of the 
elements in different groups revealed by a study of Mendeleeff 's law, the 
main characteristic of which relationship. The periodic law dimly fore- 
shadow^s an identical origin or common parentage of families of elements, 
A study of the aliiali metals, the metals of the alkaline earths, the halogens, 
etc., makes it highly probable that the different elements of one family, at 
least, have been formed by the conglomeration of monads or atomicules 
formed of the same primal matter so as to build up ordinary atoms of 
different sizes or shapes, that the evolution has progressed from homo- 
geneity to heterogeneity. In other words, said C. B. A. Wright (1873), 
the so-called elements are aHotropic modifications of a primitive matter, 
and they differ from one another in the amount of latent energy they con- 
tain per unit mass. The idea is illustrated by the homologous series 
of carbon compounds. For instance, 


Ethene. 

Molecular' weight 28 


Propene. 

aH« ^ 


Butene. 


Pentene, 


Hexene, 
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afpaimtlj: by :the polymerization of an, increasing number oi.GHg groups. 
This series rises in a similar; manner to nearly CgoUgo, with a regular 
increase of 14 in the molecular weight. Bobereiner’s triads too have 
emphasized similar ‘‘ constant;’’ ' differences in the atomic . weights of 
related elements. Hence, argued B. Carnelley (1885),, if a body we^know 
to be compound can play the part of an element, there is some plausibility 
in the suggestion that the elements themselves are not absolutely simple. 

Why- are closely related elements so often associated together 
in nature ?— Chemists have long been struck with the poctiliar way 
certain elements occur in the half-mile crust of the earth. Although no 
disturbing agent has been recognized at work in nature wliereby the 
different kinds of elements are sorted lilce to like, yet certain groups of 
elements nearly always occur in juxtaposition. These individual elements 
arc not plentifully distributed, and they are not easy to separate from 
one another— pares mini paribus facillime coiigregantur. For example, 
cobalt is j)orhaps never quite free from nickel, and vice versa : silver is 
almost invariably associated with lead ores and with gold ; cadmium with 
zinc ores ; selenium with the sulphur of pyrites ; the members of tlie 
two groups of the platinum elements ; and the rare earths. Those associa- 
tions and co-mixings cannot be entirely due to chance, for these elements 


are neither plentifully distributed nor have they any marked chemical 
affinity for one another. Consequently, it has been suggested that the 
elements in question were formed from some common material under 
almost identical conditions, and where slight variations in the conditions 
led to the almost simultaneous formation of closely related elements. 
Environment has determined the path of the evolution of the elements. 

Additional circumstantial evidence for the unitary theory has been 
obtained from (4) the grouping of the spectral lines (p. 1003) ; (5) the 
magnetic perturbation of the spectral lines (p, 1005) ; (6) the phosphorescent 
spectra of the meta-elements (p. 987) ; (7) spectra of the stars and nebuhe 
(p. 1006) ; (8) electric discharges in attenuated gases (p. 1010) ; and (9) 
radioactivity (pp. 1010 et seqi). This evidence will now be reviewed. 


§ 7. Evidence for the Unitary Theory from Spectrum Analysis. 

The final impression our mind receives on contemplating these fundamental 
relations is that of a wonderful mechanism of nature, the functions of 
%vhich are performed with never-failing certainty, though tho mind can 
only follow thexn with difficulty, and with a humiliating sense of tho in- 
completeness of its jDerception. — J. J. Balmer. 

According to modem theories, elaborated in text-books on physics, 
light is produced by periodic vibrations of the cether ; and light waves 
in the sether can be inauprated by the motions of veiy small particles— 
atoms, or infra-atoms— vibrating with a certain frequency. ^ Each particle? 
ci matter vibrating with the right frequency can set up the periodic vibra- 
tions in the aether which we call light. The eye only recognizes a-s light 
the vibrations of the aether ranging between the extreme red end of the 
visible spectrum (waye-length ; 81 roiilionths cm,), and the extreme viokt 

^ It is not at all unlikely that the absorption of actinic energy by say, insolated 
cniorme (p. l 81 ), is attended bj)' a change in the vibratory motion of the atoms in 
the chlorine molecules, and that the vibratory energy is transmuted into an increase 
in the translatory motion of the moleetiles which causes the rise of temiserature 
and other phenomena indicated on p. 140. 
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end (wave-leiigtli; 36 millioiiths- cm;)* ' The difei'eiit vibmtions 
sorted ” hj a glass prism Ip. 422) as spectral bands and lines or a com- 
plete spectrimi. Each particular band, or line is- an' ef ect of the perio.dic 
vibrations of the particles. , The constancy of the spectral lines in .the ■ 
spec train of a. gas shows that the motions of the vibrating particles must 
be ixniiaihably regular.. The period . of vibration of the particles, as 
revealed by the spectroscope,' conditions a chemical property which in the 
opinion of R. Bunsen is as constant -and fundamental as the atomic weight 
of the element, and which' may be determined with almost, astronomical' 
exactitude ; indeed, in 1900, the International Congress in Paris accepted 
a proposal by A, de Cramont .that no new substance be recognized as 
an, eleaient until its spark spectrum has been measured, ^and ..shown: 
to be ' different from 'that of every ' other - known form of matter. 
Idle' large number of spectral lines in 'the spectra of many elements, e. < 7 . 
iron, sho'ws that the vibrations which give rise to the spectrum must be' 
remarka'biy .complex. ..' According, to J. N. .Lockyer, the lines .are' com ' 
nected with the different vibratory powers of different portions of an 
atom. In other words, an atom is a complex aggregate of particles; 
and hence H. A. Rowland was led to say that a grand piano must be a 
simple meolianism in comparison with a vibrating atom. All this is 
supposed to imply that the spectral lines are due to the vibrations of 
particles smaller than the atom, and that the atom itself is a complex 
system made up of vibrating corpuscles (c/. p. 987). Indeed, the atom 
itself iS'mwmnsidefed to he a kind of miniature planetary system embracing 
hundreds of corpuscles each spinning in its oim tiny orbit. This recalls 
the speculation of p. 146, where the individual atoms were supposed to 
whirl rhythmically in minute orbits to form molecules, much as the planets 
in the solar system revolve about the sun. The idea is quite an old one. 
8 . Brown* for example, in 1843, said : 

The atom is by no means essentially or even potentially indivisible. There is 
a possibility and'likeliliood that within the atom is another nameless world of 
the universe. Under the sky of the atom proceeds worlds of materia! existence 
as different from atoms as atoms from compound particles ; as compound 
particles from crystal shapes ; as crystal shapes from stars and planets ; as 
stars and planets* from solar systems ; or as solar systems from firmaments. 

The homologous grouping of the spectral lines. — At first glance, the 
spectral lines of a given element seem to be so complex that any attempt 
to reduce them to order appears to be hopeless. The spectrum of iron, 
for instance, contairAS over 4000 lines. G. J. Stoney (1870) noticed a sem- 
blance of order in the spectrum of hydrogen, and J. J. Balmer (1885) found 
that the v^ave-iengths of most of these Hnes can be computed if whole num- 
bers be substituted for m in a formula of the type 3647*2 (w‘^— 4) ; and 

J. S. Ames (1890) showed that the error involved in the wave-lengths of 
the 29 known hydrogen lines is accurate to about one part in 100,000. 


Thus, 
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4342*00 
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In the search for analogous laws in the spectra of other elements, it was 
found that the lines of many apparerSbly. chaotic 'Spectra can be resolved 
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into a number of regular series supei*posed one on the other. Thus, the 
spectral lines of the elements ' can be arranged in groups or series. i 

The spectrum of helium, for example, can be resolved, into eight such i 

series, each of which has lines which show a regular decrease in inte,iisity 
with vibration frequency. Oxygen has a spectrum with six superposed sets * 

Of lines ; hydrogen and the alkali metals have each four such series. The j 

metals in question have monatomic molecules, and hence it inevitably 
follows that the atoms have a complex constitution, and that the spectral 
lines are not all produced by the vibrations of the same kind of particles ; 
atoms are complex aggregates of vibrating corpuscles. 

Although the spectrum of each element is characteristic of that element 
and of no other, yet the spectrum of each of the five alkali metals can be 

resolved into four homologous series such, 
that every line in one spectrum is repre- 
sented by a corresponding line on all the 
other spectra ; and generally, the spectra 
of related elements form natural or 
homologous groups. The corresponding 
lines do not necessarily all occur in the 
Fig. 333.— One Series of Ho- visible spectra, e.g. the dark red line of tlie 



moiogous Spectra of the rubidium spectrum corresponds with a line 
Alkali Metals Spaced accord- the ultra-red in the other spectra ; and 
(C? M eights yellow lines of the sodium spectrum are 

® ^ * homologous with lines in the ultra-violet 

spectra of the other elements. The spectra of related elements seem to be 
subject to a law of homology which is closely connected with their atomic 
weights. Each series of homologous lines appears to contract in passing 
from one element to another so that as the atomic weight increases, the lines 
at the red end of the spectrum appear to open further apart, and at the 
violet end, to draw closer together. Thus, by representing the spectra! 
lines of the alkali metals by dots, Fig. 333, so that their limits at the violet 
end coincide, it will be seen that the lines of this particular series contract 
in passing from Kthium to csesium, and the relation between the contrac- 
tions and tile atomic weights of the elements is shomi in the diagram 
by making the distances between the lines represent the magnitude of 
their atomic weights. 

There is thus a family likeness between the spectra of related elements, 
and a close connection has been traced between the atomic weights and 
the differences in the vibration frequencies of the lines in the members of a 
given family of elements. The atomic weights of groups of related elements 
with their related physical and chemical properties differ lyy fixed definite 
values, and the spectra of these elements show that the masses of their 
atoms affect their rates of vibration in a similar manner. This is taken 
to mean that not only is an atom of an element a complex composed 
of different aggregates of particles, but the atoms of allied elements 
are built up of similar aggregates of particles ; and the observed 
differences in the spectra of allied elements results from differences in the 
way these aggregates are arranged in the atom. 

The atomic weights of certain elements have been calculated from 
the. relationship of the spectral lines of allied elements. For instance, 
the spectral lines of the magniesiiim-Salcium family can be grouped in three 


Atomic weight 
Distance 
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pairs ; and the stronger lines of the radium spectrum are analogous with 
the stronger lines of the spectra of the other elements of the same family. 
The two lines of each of , the three pairs are the same distance apart for 
any one ekuiieiitj but the distances apart of the lines in passing from one 
element to another, increase in a regular manner with increasing atomic 
weights. Thus; 

Magnesium, Calcium. Strontium. Barium. Radium. 

. 24-36 40-1 87*6 137-4 ? 

. 91' i 223 , SOi 1691 4858*6 iinits. 

By plotting, the atomic weights as functions of the distances between the 
lines, extrapolation furnished C. Kunge 
and J. Precht;(. 1903) with an approximate 2 
value for the atomic weight of radium. 

The extrapoiat ion is easier if logarithms 
of the atomic weights and the distances 
apart of the lines lae plotted. The graph 
for a group of chemically related elements 
then lies in a straight line, as indicated 
in Fig, 334. Lecoq de Boisbaudran (1886) 
e\'aiuatod the atoinic weight of gallium 
and of germanium by a similar method. 

The action of a magnetic field os: 
the spectral lines — Zeeman’s ehecc. — 

F. Zeemaii (1897) found that the yellow 
line characteristic of the spectrum of 
sodium is displaced or “perturbed ” because it is split into two separate 
and distinct fines. And generally, the lines in the normal spectrum of 
an element are usually broadened into doublets, triplets, sextets, octets, 
or still more complex groups. The effect wdll be evident from Fig. 335. 
Different lines of the elementary spectra are pertm-bed in different %vays — 

Zfi Cd. Zn. Zn. Cd. 

4660 4678 Units. 
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Fig. 335. — Effect of Magnetic Field on the Spectral Lines of Zinc and Cadmium 
— Zeeman’s effect, 

some lines, originally single, may remain single; others give rise to 
doublets, triplets, quartets, octets, etc. There is a certain pathetic^ 
i?iterest attaching to this phenomenon because it is said that the last 
experiment made by M. Faraday (March 12, 1862) was an attempt to 
iind if any spectral change could be detected when the source of the light 
is placed in a magnetic field. Faraday’s experiment failed because the only 
available magnet was not strong enough. The perturbation of the 
spectral lines in a strong magnetic held ,is supposed to be due to 
alterations in the mode of vibrations ' of 'the sub-atomic, particles 

... 2 k 
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under a magnetic stress. The observed displacement depends , on the 
strength of the magnetic field. If the spectrum be prodneed by the vibra- 
tion of atoms of the same kind, it %vould be difficult to explain why the 
mode of vibration of atoms of the same kind can be altered in this way. 
It is more reasonable to suppose that the different effects produced 
by a magnetic field : on the different lines of the spectrum of a 
substance' are due to the presence of different kinds of particles in' 
the incandescent element. This simply means that at the high temperature 
of the luminous object, the atoms of the element are dissociated into 
simpler sub-atoms ” or corpuscles which are probably electrified when 
they are called electrons. Owing to the fact that corresponding lines 
in the spectra of related elements— -for instance, magnesium, zinc, cad- 
mium — are similarly affected so that groups of lines in the different spectra 
undergo the same modification, it is inferred that the vibrating corpuscles 
wliich produce the A^, Ag, A 3 , . . . lines in the spectrum of zinc are 
the same as the vibrating corpuscles which produce the A^, A^, A 3 , 

. . . lines in the spectrum of cadmium, etc. Hence, not only is an atom 
a complex association of different corpuscles, but the atoms of allied 
elements probably contain certain groups of corpuscles, or sub-atoms, in 
common. “These observations,” said T. Preston (1899), “lend some 
support to the idea so long entertained merely as a speeulation, that all 
the various kinds of matter, ah the various so-called elements, may be 
built U 13 in some way of the same fundamental substance.” 

The spectra of stars and nebulse.— The nature of the spectrum 
of an incandescent body depends upon the temperature (p. 425) ; and 
since the spectra of many elements have been observed at several different 
temperatures, it is possible to get a rough idea of the temperature of any 
incandescent element from the appearance of its spectrum. For instance, 
the flame spectrum of sodium has two yellow lines close together, while 
the spark spectrum has a pair of lines in the orange and in the green ; the 
flame spectrum of thallium has a single green line, and the spark spectrum 
has in addition some bands in the violet. Tiiis fact is explained by the 
assumption that at the higher temx)eratiires the atoms of an element 
are aggregates of sub-atoms, each of which has its own characteristic mode 
of vibration. The spectra of the nebulge, stars, and suns thus enable 
rough approximations of their temperature to be made. 

The sun, stars, and nebulae, says A. M. Gierke, form so many celestial 
laboratories where the nature and mutual relations of the chemical elements 
may be tried by more stringent tests than sublunary conditions afford. In 
the very hottest stars ^ (estimated temperature 25,000°) — e.g, jS-C^rucis — 
comparatively few chemical elements can be detected, while in the cooler 
red stars — e,g* Betelgeuse — ^the number of spectral lines is comparatwely 
large and a large number of elements are present. New elements appear 
to be introduced at each stage in the cooling of hot stars, so that elements 

^ In the orthodox works on astronomy, we are told that the nebulie are the 
material out of which stars are made, and that in their forms, aggregations and 
condensations, the process of evolution of stars and suns can b^e traced. The 
nebula begin either as hot attenuated gases or as clouds of cold meteoric stones 
winch gradually gain heat as they eJash together until finally they are converted 
into gases, and then gradually cool by radiation. Hence the cooler stars are 
either yomxg or old, heating up, of cooling down. The hottest stars are in their 
^ ^ .0.. . ' ^ ' 
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wliieh. were non-existent in the hotter stars make their appearance ' in the 
cooler stars ; and a few, elements disappear in passing from the hot to the 
cooler stars. In the hotter stars little more than hydrogen can be detected* 
then follow hot stars with calcium, magnesium, and a few other elements 
superadded ; then come cooler stars with more complex spectra corre- 
sponding with a, greater variety' of elements. ' The planets, of which our 
■ own is a type, are among the cooler, orbs. If the different suns and stars 
be arranged in a series, the' order of the appearance of the elements 
in the cooling stars is approximately the order of their increasing 
complexity as deduced from the magnitude of .their atomic weights. 
The light est elements alone appear in the hotter stars. These facts fit 
very well into the hypothesis that the matter of which stars are made, 
passes through a real change in the natoe of the constituent elements, and 
that there is a progressive tendency of the elements to assume more stable 
forms in passing from the hotter to the cooler stars. This corresponds with 
the assumption that the atoms are built of particles which form more and 
more complex aggregates as the temperature fails. Carbon is an exception. 
It has a low atomic weight, and yet it appears comparatively late, but the 
iion-volatility of the solid element shows that the molecule is probably 
complex. Calcium (atomic weight 40) appears before sodium (atomic 
^ weight 28) ; this may be due to the fact that the stability of the system of 
corpuscles wliich form an atom not only depends upon the number but 
also upon the mode of arrangement of the corpuscles. In a general way, 
however, the elements appear in the cooling stars in the order of their 
increasing atomic weights. The stars may thus be arranged in groups 
eorrbiponding with difierent stages in their development. The hydrogen 
and helium stars pass by insensible gradations into stars of the solar 
type, and finally into the deep red stars. Thus J. N. Lockyer (1887) 
states that i 





Spc^ctrum. 

Tempera- 

ture. 

Appearance of the elements. 

Oaseous stars . 

l^ongest 

! Highest 

Hydrogen, helium, asterium (a gas not 
known on earth). 

Metallic stara . 

Medium 

Medium 

(а) Feeble spectrum of helium and 
hydrogen ; magnesium ; calcium ; sili- 
con and oxygen. 

(б) No gases of the helium family iron j 
manganese ; irickel copper ; etc. 

Carbon and compounds of carbon. 

Carbon stars , | 

Shortest 

LowCvSt 


Astronomers consider that the different stages in the evolution of 
sidereal systems cannot be demonstrated by the slow cooling of a single 
star, because the span of human life relative to the duration of cosmicai 
events is far too short to enable the different stages to be followed in 
succession ; these different stages can rather be followed by arranging the 
different nebulse in a series so as to show all gradations, from a diffuse 
luminous haze to stars with faint nebulous halos. The spectra of the 
gaseous and presumably younger nebuise consist of three lines correspond- 
ing with liydrogen, helium, and some unknown elements— the peat 
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nebula. Ill' Orio,n',is usuaMy given as an example. , As tbe nebulae grow older 
and: more, compact, more- lines; corresponding with other elements appear. 

-, These spectra are supposed -to represent clusters of corpuscles more stable 
than the rest. - /Hence, according to J. N. Lockyer's evolution hypothesis, 
the spectra of' a ,pi*operly, arranged' series of stars and nebulse ^ indicate, that 
the chemical atoms have grown during the , cooling of the priinai 
ultra-atomic gas much as visible rain drops grow from invisible water 
vapour. Before hydrogen appeared, a whole series of lighter elements 
were probably formed by the gradual condensation (polymerization, 
etc.) of cooling ‘Vfire-mist,” and then passed into the heavier and more 
complex elements as the temperature fell still lower. From a chemical 
point of view, therefore, the cooling of the primal matter has resulted in the 
formation of a succession of polymers (1, 2, 3, . . . where is the 
density of the hypothetical protyle. The polymerization may also |3roceed 
in: successive' stages. , A — (1, -2, 3, )x; B == (1, 2, % . * )y ; 

0 = (1, 2, 3, . , . )z; , . . where x, y, . . . represent the densities of 
simple forms of matter. These complexes unite to form the series : 

An, Bm, Cp, ... 

AB, BC, . . . 

• ABC, ... 

where n,m,p, . . . are integers. The light elements — asterkim, eoronivm, 
nebulium, etc. — ^which appear to be present in some of the more attenuated 
nebulae, and in the hotter stars, have probably long since vanished from the 
earth. We infer their existence from their characteristic spectra. Helium 
was once included in the list of light stellar elements unknown on earth 
(p. 690). 

Summary. — ^The hypothesis which is supposed to correlate these and 
other facts may now be outlined. Long before the earth was formed, it is 
supposed that a kind of ultra-gaseous protyle was suffused throughout 
space, and, what has been called the “ temperature ” of the protyle, %?a3 
inconceivably hotter than anything at present known on earth. In course 
of time, some process, akin to cooling,” reduced the “ temperature ” 
of the protyle so that it was condensed into material atoms. The simplest 
elements most nearly allied to the protyle would naturally condense first — 
thus, hydrogen and helium, with their low atomic Aveights were born. 
Then followed the elements next in order of complexity until finally 
uranium or radium was born. We do not know an element with a greater 
atomic weight and presumably a more complex structure. If the ideas 
developed in the next chapter approximate to the truth, even this element 
is not stable, and is slowly breaking down into simpler more stable forms. 
As the temperature fell stiU lower, the earlier formed elements would 
unite among themselves and produce chemical compounds. It is possible 
to reverse the process and dissociate chemical compounds by elevating 
the temperature (p. 241), but it has not been possible to raise the tcmpera- 
tiue high enough to verify the; hypothesis by “ dissociating ” the elements. 

^ There is not much room' for doubt about the theory with respect to the 
cooling of hot stars, but with nebulae, S. Arrhenius (1907) considers that great 
wZd reigning in space has condei^ed aU but the lighter elements into the solid or 
liquid state, and these have,, gravitate^ to the interior. The outer layer only is 
rendered luminous by dust particles ahd corpuscles flying into the nebula from 
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Questions. 

I. Write__aii account of the general chemistry of silicon, having regard to its 
position in G4roup IV, — SL Andrews Univ, 

2., A new elementary body, a metal, is placed in your hands. What means 
would, you take to ascertain (1) its atomic weight j and (2) its position in Mende- 
leeff’s table Science and Art Dept. 

3. Show that the chemical 'properties of magnesium, zinc, and cadmium 
Justify their position, in. the same group in the periodic classification.— 'iVniu. 
North Wales. 

4. What was Pro'ut’s hypothesis? -Write an account of the history o,f the 

doctrine to the close of the investigations of Stas, including in it an account of 
his -views.-— Sheffield Univ. ■ , 

5. It has been asserted that in ail probability every well-defined property of 
an element is a periodic function of the atomic weight. Explain precisely what 
is implied by this statement, — Science and Art Dept, 

6. State the general charaotem of the magnesium-zinc-cadmium fanuly of 
metals, and indicate their relations to the alkaline earths on the one hand and to 
aluminium on the other. — Science and Art Dept. 

7. Reviewing the binary compounds, show that in the elements of the same 
family there is an increasing tendency as the atomic weight rises to form com- 
pounds haA^ing the electro -negative element in larger proportion. — Owens Coll. 

8. What grounds had Mendeleeff for predicting the existence of the elements 
gallium, scandium, and germanium ? — Science and Art Dept. 

9. Do you think the following a valid criticism of the periodic law, by M. 
Berthelot (1885) ? Referring to the preceding question, “ this prediction is 
not a consequence of the periodic series ; it results purely and simply from the 
laws and analogies whicli have been known for many years, and which are 
independent of the new system. 

10. Compare the properties of (a) zinc and aluminium, or (6) manganese and iron, 
and their derivatives, and in the case of the pair selected explain why the two 
elements are placed in different groups m the periodic table.— London Univ. 

II. Why is manganese included with chlorine in the same group of the periodic 
table ? With what elements besides the halogens is manganese related, and how 
is this relationship displayed ? — London Univ. 

12. Describe the general characters of the family of elements of which gluci- 
nium {beryllium) is the first term in the periodic scheme. — Board of Educ, 

13. In the periodic scheme of the elements, lead appears in the same column 
as tin. Justify this association by reference to the characters in which they agree. 
—Board of Educ. 

14. Discuss the position of the helium family in the periodic classification. — 
Si. Andreivs Univ. 

15. What is meant by the word “ periodic ’’ in connection with the classification 
of the elements ? Tabulate the general characters of the family of elements 
usually known as the metals of the alkaline earths. — Punjab Univ. 

16. What do you understand by the periodic arrangement of the elements ? 
'What are its chief use.s ? Illustrate your answer by examples. Point out any 
defects in this arrangement of the elements. — Sydney Univ. 

17. In 1871, Mendeleeff predicted the existence of a metal mth an atomic 
weight of about 69 and a density of about 6. On what basis did this prediction 
rest, and how was it verified 1—New Zealand Univ. 

18. What substances stand on the border-line between metals and non- 
metals ? Illustrate the fact that such classification is always^ approximate, and 
that nearly all the laws of chemical combination or chemical relations, like 
i^rout’s law, are approximately true, — New Zealand Univ, 

19. Give a brief historical account of the advance chemistry owes to the 
spectroscope. Do you know anything of attempts to correlate the atomic weights 
of the elements with the position of the lines of their spectra ^.—Calcutta Univ. 

20. Explain how the valency of an element is connected with the position of 
the element in the periodic table. What are the reasons for the positions assigned 
to (a) hydrogen, {h) manganese or copper in the table ? — Board of Educ. 




an Electric Discharge on -Attenuated Gases. 


the voltage required to produce a discharge diminishes in ahnost exactly 
the same proportion. If a glass tube, about 30 cm. long, Fig. 336, be 
connected with a mercurial air pump, and the aluminium electrodes — ^disc 
and point — ^be connected with an ordinary induction coil and battery, 
either no spark, or thin zig-zag sparks will pass through the tube ; all 
depends on the distance of the electrodes apart, and on the electric pressure 
produced by the coil. If the pump be started, the spark passes more and 
more readily as exhaustion proceeds.; first, forked brush-like bluish sparks 
begin to leap from electrode to electrode ; when the pressure reaches 40 mm. 
of mercury, a luminous red streamer appears as illustrated by the tube 
Fig. 337 ; the red hne widens, forming^ fuzzy strip between the electrodes ; 
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when the exhaustion is such that the pressure is' about 10 mm., aluminous 
band fills the whole tube-—R, Fig. 337— and a violet halo surrounds the 
tivo electrodes. At 6 mm. pressure, . the band begins to break up into 
layers — 0, Fig. 337 — at 3 mm. pressuie, the- tube appears .to be filled' with 
a number of transverse dickering reddish stirae, alternately light and dark ; ■ 
while the violet liaios about the electrodes grow larger and larger— D, Fig. 
337 — and a dark space— Faraday dark space— appears at . the negative 
electrode. ’ The , prevailing colour of the pulsating striae depends on the 
nature of the gas in the tube— with hydrogen the colour is red, and with 
chlorine 'green. The aureole about the cathode,, separates from the flicker- 
ing stiise and a, dark space— Crookes’, dark space— appears, bet-vveen the' 
negative gloiv.and the cathode. Fig. 338. As exhaustion continues, the 
striiB diminish In number and size ; and they appear to be paler in colour. 
The light at the anode dwindles dowm to a luminous point, and Crookes’ 
dark space at the cathode soon expands and finally fills the tube. The 
glass then acquires a greenish -yellow phosphorescent light if the tube 
is made of soda glass. The pressure is then about 0*03 mm. of mercury. 
With further exhaustion the tube looks as if it were empty, but the glass 
still glows brightly, particularly about the cathode. With still further 
exhaustions, the current from the induction coil is unable to pass through 
the vacuum tube. The fact that the tube when highly evacuated is 
non-conducting shows that the electric current must somehmv he carried 
frmn one electrode to the other by smnething. 


§ 2. Cathode and Lenard Rays. 

The electron has conquered physics, and many worship the new idol rather 
blindly.— H. PoincariS (1907). 

Whoever rejects faith in the reality of atoms and electrons, or the electro- 
magnetic nature of light waves, or the identity of heat and motion, cannot 
l>e found guilty of a logical or empirical contradiction ; but, he will find it 
difficult from Ins standpoint to advance physical knowledge. — M. Plakck 

W. Hittorf (1869) showed that if a solid body — say a Maltese cross made 
of mica — be placed between the 
anode, A, and cathode (7, as in Fig. 

338, a true shadow' appears on the 
glass ; the shape of the cross shows 
that something must travel from 
tile neighbourhood of the cathode in 
straight lines. This “ something ” 
which pauses the phosphorescence 
of glass was called by E. Goldstein 
( 1 876) cathode rays. Hence, ( 1 ) the 
cathode rays travel in straight lines 
7 iormal to the surface of the cathode; 
mid they will cast a weUdiefined 
shmloio if a solid object he placed 
hehmen the cathode ami the tmll of the mctmm tube. The experiment can be 

f Glass tubes of about this degree of : exhaustion— Geissler’s tubes— are 
made in numerous patterns, and with diferept; kinds of glass so as to get difterent 
fiuoroscent effects. Tubes containing gases tmder' reduced pressure and arranged 
for tlie passage of an electric discharge called tnemm tubes. 



Fig. 338. — Shadows Cast by Cathode 
Rays. 
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varied; ill, an. ingenious manner, as shown by W.. Crodkes (1879), .Rig, 339^ 
by arranging, the -'stream of cathode rays so that it strikes the upper vanes 

Cathode ..Anode- paddle wheel which 

then rolls horizonta..ily along 
a pair o.f parallel glass rails', 
away from t.lie catlxode. By 
. reversing tlie electric cur- 
rent, the wheel stops and 
then revolves in the, opposite 
direction ovi.ng to tlie fact 
that the direction ^ , . of the ' 
cathode stream has^ been- re-. 

Fig* 339.— Mechanical Motion by Cathode Rays* versed. Hence, (2) cathode 

rays can exert niecJmnical 
pressure. By directing the cathode rays on to different minerals, 
beautiful phosphorescent effects may be obtained, Fig. 340. Crystals 
of perthite, and didymium glass give a red phosphorescence ; artificial 
rubies, and wiilemite a green phosphorescence ; seheelite yellow ; Iceland 
spar, white ; barium platinocyanide, zinc blende, etc., also glow and 
phosphoresce when exposed to the rays. Hence, (3) many minerals 
beco7ne phosphorescent when exposed to the cathode rays. The spectra 
of phosphorescent rare earths are of great value in studying these com- 
pounds, The cathode stream, when focused on to platinum by means 
of a cathode shaped like a concave mirror, may heat the metal white hot, 
glass can be melted, diamond charred, etc. Hence, (4) the cathode rays 
raise the temperature of bodies on which they fall. If the cathode stream be 
allowed to impinge on white rock salt or lithium chloride these salts 
are coloured violet. The glass of the vacuum tube is also coloured after 

^ long use. Hence, (5) 

the cathode o'wys can 
■ produce , chemical, w 

dJ m physical chmiges. 

P s The Electroscope. — 

The ,idea of the electro*' 
scope, can be .obtained . 
from the simple form 

Fto. 340.— Tlie Effect of Cathode Fio. 341.— Simi^le 

Eayeon^Iinerab. Electroscope.' ‘old teaf.'a! is^fi^edTo 

a rod in metallic con- 
nection mth a plate 6, all insulated from the glass box. There is a mica 
scale as shown in the diagram. The method of “working the electroscope is 
of course^ described in text-books on physics. If the electroscope be charged 
with positive or with negative electrification, the gold lc?nf a vail diverge 
from the vertical rod as shown in the diagram. If an electrified body of 
opposite sign be brought in contact with the plate h, the loaf will ch^seend a 
distance proportional to the magnitude of the charge ; if the electrified bodv is 
charged sufficiently to neutralize the whole of the electrification of the electro- 
scope, the leaf will completely collapse ; and if the electrified body has a charge 
m excess of that of the electroscope, the leaf will collapse and then ascend charged 
mth electricity opposite in sign , to tliat previously held. The height to which 
the leaf ascends is a rough measure, of the magnitude of the charge. Hence, if 
a substance capable , of charging the ambient air electrically be placed on an 
P vicinity ; of a charged electroscope, and the instrument 

X l-he^ mte at which the gold leaves converge will bo proportional 

to the rate at which the air .i^ electrioaPy charged. Much more refined instru- 


are coloured violet. 



Ftg. 340.— -The Effect of Cathode 
Rays on Minerals. 


Fig. 341. — Simple 
Electroscope. 
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from its eftect on the instrument, that is, a delicate electroscope is neafhr a 

millioii times more sensitive than a spectroscope (p. 426). 

Iri 1895 J. Perrin arranged a vacuum tube so that the cathode stream 
passed into a siiiali metal- cylinder inside the tube, and, by means of a'- wire, 
lie connected the inner cylinder' with an ex- - ' - ' : - ' \ - 

tenial electroscope. The electroscope acquired 
a gradually increasing negative charge, or a 
positively charged electroscope was discharged. 

Hence, (6) the cathode mys are negatively elec- ‘1 

tnfied while the other contents of the tube are 
positively electrified. J. Plucker (1858) showed | 

(v) the cnthode' rays can he deflected from their HH 
2 course by meam of a rmgnet. This is 


normal c 

illustrated by Fi|_ 

directed to the side of the tube through which 
a discharge is passing, the focus of the rays 
can be deflected on to the wails of the tube. 

The heat produced by the bombardment of 
the wails of the tube by the cathode stream 
will suffice to melt a little wax placed on the 
outside of the tube, d... 

P. Lenard (1894) made a tube with a thin 
aluniiniiim sheet^ — 1), Fig. 343 — carried by a 
brass cap, at the end opposite the cathode 0 ; 
a metal cylinder ^4 served as anode. Lenard 
found that the cathode^ rays passed through the aluminium window 
outside the tube, and were then called Lenard rays. The cathode or 
Lenard rays are absorbed by different metals used as windows — ^the 
absorptive power of a substance is almost directly proportional to its 

density. If the metal window is 

too ■■ thick, - the cathode .stream- is- ■ 

arrested.: Hence, (S) the cathode . ■ 

rays can penetrate and.' pass through ^ -fW ^ 

thin sheets of metals but not through ^ 

At first, the- cathode rays - were 
thought to be a stream of nega- 

tively electrified atoms or molecules pxa. 343.—Lenard’s tube to bring the 
of the residual gas in the evacu- Cathode Rays outside the Vacuum 

ated tube; C. Varley (1871), or Tube, 

rather W. Crookes (1879), suggested 

that they were particles or molecules of a fourth state of matter— an 
ultra-gaseous state wffiich was called radiant matter— in which the free 
paths of the molecules were so long that collisions could be disregarded. 
Owing to their high penetrative power (Lenard rays), and the fact that 
no difference in the properties of electrons can be detected by changing 
the kind of gas in the evacuated tube, nor by changing the electrodes, it 
follows that (9) the cathode rays are independ-ent of the hind of matter present ; 
and if the particles be maUer at alt, the: matter is the same in kind, from 
whatever source it is derived. E. "V^gjachart (Jan;, 1897) and J. J. Thompson 


Fig. 342. — ^The Effect of 
Magnet on Cathode Rays. 
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(Apr., 1897) suggested the startling h 3 rpothesis that what Crookes called 
radiant matter”: or the cathode rays, is a stream of negatively charged 
particles or corpuscles which have been formed by the disintegration of 
atoms of the' gas' in the vacuum' tube. The term electron was applied by 
G. J. Stoney (1881) to designate the unit or atomic charge of electricity ,, 
and it is now almost tmiversaHy applied to the sub-atomic particles sup- 
posed to stream from the negative electrode when a discharge is passing 
through an attenuated gas. No difference can be detected in the corpuscles 
derived from different gases, and hence it is inferred that the electrons 
are common constituents of all gases. If a stream of electrons be 
directed into an atmosphere of moist air, each electron serves as a nucleus 
about which moisture collects, and each electron becomes the centre of a 
visible drop of water. Hence, (10) a stream of electrons ^ when directed into 
moist air, forms a cloud* The cloud or mist is an aggregate of miiiiito 
falling raindrops ; and it is assumed that, like a particle of dust in moist 
air {p. 199), an electron in moist air can serve as a nucleus for the con- 
densation of the water vapour. 

The theory of the cathode rays. — According to hypothesis, the 
electric discharge in attenuated gases splits the atoms of the gas into 
positively and negatively charged electrons. The cathode rays are a 
stream of negatively charged electrons sent from the cathode with 
a high velocity. It is inferred that ordinary atoms are probably made 
of nothing but aggregates of sub-atomic particles — positively and negatively 
charged. Under ordinary conditions, the charges counteract one another 
and the atom is electrically neutral. By the action of an electrical dis- 
charge, negative electrons are supposed to be detached from the atom, 
leaving a residue with a positive charge, and called a positive electron or 
positive ion. If a negative electron attaches itself to a neutral atom, the 
latter will acquire a negative charge. In reviewing the evidence derived 
from the properties of cathode rays J. J. Thompson (1897) said : “ The 
explanation which seems to me to account for the facts in the most simple 
and straightforward way is founded on the view of the constitution of the 
chemical elements which has been favourably entertained by many 
chemists.” The view is that the atoms of the different chemical 
elements contain different aggregations of particles of the same kind ; 
otherwise expressed, that a part at least of all atoms consists of 
electrons. 

Experiments wliich need not be detailed here have shown that in all 
probability the electric charge on an ion formed in the process of electrolysis 
is the same as the electric charge of an electron ; that the mass of an 
hydrogen ion is 1700 times the mass of an electron or negatively charged 
corpuscle ; and therefore the mass of an electron is 
of a hydrogen atom — i,e* 7 X 10*^* grm,, and its diameter is about 
3 X 10-3-» cm., whereas an atom of hydrogen has a mass of about 1 *3 X 10’-^ 
grm., and a molecule of hydrogen is about 2 x 10 cm., so that compared 
with the atom, the electron has quite a miscroscopic size. The electrons 
can travel with a velocity ranging as much as 90,000 miles per second. 
Their speed is dependent upon the intensity of the electrical foi-ee passing 
through the vacuum tube. A cathode particle travelling at this speed 
could go nearly twice round the earth in a second. The idea that the 
electrical condition of matter aoid its <^hemieai activity depend upon the 
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aciditioii or removal of electrons from atoms or molecules has been in- 
corporated with the ionic hypothesis -(p. 363). . 


§ 3. Rdntgeti or X-rays. 

We shall never succeed in exhausting, unmeasurable nature. A, yon 
Humboldt. 

■ When the exhaustion of a vacuum tube is such that the tube is on the 
verge of beco.mi.ng electrically non-conducting, and the glass opposite the 
cathode is brilliantly fluorescent, rays' proceed from the fluorescent glass, 
outside the imbe ; these rays — called X-rays or- Rontgen rays — have quite 
different properties from the cathode or Lenard rays, because they will 
pass through glass, and they are not deflected by a magnet. Like rajj's 
of light, Rontgen rays can be reflected, refracted, and polarized; and 
they are not appreciably affected by the most powerful electric or magnetic 
fields as charged particles would be. It is supposed that Rontgen rays- 
like the rays of light, radiant heat, and electro-magnetic waves— are due 
to pulses or waves set up in the aether by the impact of electrons on matter. 
It is all a question of frequency or wave-length. The following table gives 
the wave-lengths of a number of radiations : — 


Radiation. j 

Wave-length in cm. 

Electromagnetic waves of wireless telegraphy . . . 

Longest heat waves kao’wn , ... . . ... 

Infra red spectrum . . . . . . . , . 

Red spectrum 

Green spectrum , , , 

Violet spectrum ' 

Ultra-violet radiations 

Rontgen Tsys. .. 

3X103 to 5x10^ 

6 X 10~3 

exlO-sto 7'5xl0-« 
6X10“« 

5 X 

4X10“% 

4X10“^‘ to 2X10“« 
10“* to 10~» 


Hence, the wave-length of the X-ray is about a thousand times smaller 
than the wave-length of sodium light, and is comparable with the size of 
the atom. In atmospheric air, the distance between neighbouring mole- 
cules is about 3 x 10*“^ cm. 

The discoverer of the X-rays, W. C. Rontgen (1895), found that they 
can excite fluorescence on a paper screen coated with barium platino- 
cyanide, BaPtCy 4 , or calcium tungstate, CaWO^ ; they can fog a photo- 
graphic plate. ; and make the air through which they pass a conductor of 
electricity. They have a remarkable power of penetrating substances 
opaque to ordinary light. Rontgen rays are produced by the destruc- 
tion of the cathode rays and are formed when the cathode rays impinge 
on solid objects. Every substance when bombarded by electrons emits 
Rontgen rays — ^the glass walls of a vacuum tube, heavy metals like 
platinum or uranium, etc. The penetrating posver of Rontgen radiations 
refers to the decrease in the energy of a pencil of the rays which occms 
f when the rays are allowed to impinge on a solid. Rontgen radiations with 

a low ]:>enetrative power, called sof trays, are emitted from a vacuum tube 
which luLS too much residual air. TJie supply of electrons is then plentiful ; 
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their speed is coinparatively slow ; and a current of comparatively low 
electromotive force is needed. Conversely, radiations with a high pene- 
trative power, called hard rays, emitted if the tube be too liighly 
exhausted. The supply of electrons is then relatively small ; their speed 
is comparatively high j and the necessary electromotive force is high. 

The rays emitted from ah ordinary bulb are usually heterogeneous, 
mixed hard and soft, but C. G. Barkla (1906) showed that if the existing 
stimulus be great ■ enough, every substance can be made to emit a 
set of X-rays which can be regarded as homogeneous , and character- 
istic, in that the absorption coefficient, h, of the radiations from that sub- 
stance, in some standard substance (say aluminium), is a constant, e.g. : 

Ca Cr Cu Se Ag Ba 

k . . . . 435 - 0 , 136 - 0 , 47 - 7 , 18 * 9 , 2 * 5 , 0 - 8 . 


Substances with atomic weights between aluminium and silver, emit two 
sets of these homogeneous characteristic radiations, e.gf. palladium emits 

two characteristic sets of 
homogeneous rays with 
wave - lengths respectively 
0*58 X 10-® and 0*51 X 10-® 
cm. , and nickel, 1 *66 X 
and 1*50 X 10”® cm. respec- 
tively. H. G. J. Moseley 
(1913) further showed that 
when the increase in the 
atomic weight of the ele 
ment is plotted with the 
corresponding decrease in 
wave-length, the curve does 
not run smoothiy ; but if 
the logarithms of the wwe- 
lengths or vibration frequen- 
•/ -.2 -3 - 4 ^ *5 -6 7 -3 -9 hO plotted against a 

Logarithms of Wmra Length X /0*em. ' numbers, 

Fio. 34:4. — Relation between the Wave-length of ^ +i 

the Characteristic X-ray of the Elements and Smoothly. 1ms is illustrated 
the Atomic Humber. by Fig. 344, in which tlie 

wave-length X 10® cm. is 
plotted against the numbers 13 to 30 ranging from aluminium to zinc for 
one of the homogeneous sets of rays. Analogous curves have been obtained 
for all the known elements. Indeed, the X-ray spectrum of every element 
from aluminium to gold is determined by an integer N called the -atomic 
number ranging from 13 for aluminium to 79 for gold. There are some 
blanks corresponding with unknown elements. The order of the atomic 
numbers is the same as the order of the atomic weights, except where the 
latter disagrees with the order of the chemical properties so that the atomic 
number in the periodic table is a more fundamental index of quality than 
the atomic weight. This shows that the wave-length, or the vibration 
frequency, of the characteristic X-rays from different elements changes 
from element to element by regular jumps. The steady decrease in the 
wave-length of the characteristic, X-i^!bys of a series of elements in the 
periodic table depends on todameiital property of the atoms. As 
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an liypotliesis,^ it has .been suggested ^lat the incremeiits are due to , thc'. 
successive addition of a unit electric charge to the nucleus of the atom ; 
and that the magnitude of thc nucleus of an atom is proportional to a 
number indicating the place of the element in the periodic table- 
hydrogen has a nucleus charge of one unit, helium two, etc. ■ 

The atomic weights of the elements do not increase in an orderly way, ■ 
they mount by steps of two, but not very ■ regularly, and the elements, 
sometimes appear to get in the wrong order, e.g, nickel comes before cobalt, 
but certain chemical properties and the wave-length of the characteristic 
X-rays from nickel show that it occupies a position after cobalt. When the 
elements are arranged in this way the series shows gaps between cerium 
and gold., presumably waiting to be filled by elements yet .undiscovered. , 

§ 4, Positive or Canal Ra 3 rs. 

The eorpuscular theory of the positive rays has no other justification than 
that it explains oiu’ present-day knowledge of the phenomenon in the 
simplest possible way,-— E. Gehrcke. 

When a perforated cathode is employed in the vacuum tube for pro- 
ducing cathode rays, E. Goldstein (1866) first noticed that streams of 



Fig. 345, — Tube for Canal or Positive rays. (After W. Wien.) 


violet light passed through the perforations or canals and emerged behind 
the cathode on the side remote from the anode, and hence he called these 
streams Kamlstrahlen (canal rays). In the apparatus illustrated in Fig. 
345, the canal rays travelling towards the right strike against a plate b 
connected with an electroscope B, and there show a positive charge ; the 
cathode rays travelling towards the left, impinge on the plate a connected 
with an electroscope A, and there show a negative charge. The canal rays 
liavc been investigated by methods similar to those employed for the 
cathode rays. The results indicate that the canal rays are streams of 
partioies the majority of which are positively electrified — Whence, the term 
positive rays is replacing the older term canal rays. The streaming 
particles travel in straight lines and produce a phosphorescence (usually 
violet) when they impinge upon glass, etc. The speed of the positive 
electrons is usually much less than that of the negative electrons ; and they 
are not so sensitive to magnetic influences. . Measurements similar to those 
employed for the cathode rays show that the positively charged particles 
mvist be of atomic dimensions, and in, no case is the mass of the positive 
ion perceptibly less than that of the hydrogen atom. Remembering that, 
so far as we can tell, all electrons afre the same, and have a mass 1700 times 
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less than that of the hydrogen atom, while the mass of the positively 
charged particles depends upon the nature of the gas and is virtually 
the same as that of the atom from which it is derived, it is probable that 
when, a' gas is ionized,, one or more negatively electrified particles — • 
electrons— are expelled from the atom, and the corresponding positively 
charged nucleus remains. 

J. J. Thomson’s positive ray analysis. — If a mixture of different 
kinds of electrified particles travelling at a high velocity in one thin stream 
be passed simultaneously through electric and magnetic fields disposed at 
right angles to one another, the different kinds of particles are sorted into a 
number of smaller separate streams. The various streams can be demon- 
strated by causing them to impinge upon a fluorescent screen of, say, 
wiUemite, or on suitable photographic plates. J. J. Thomson calls the 
series of small streams obtained from the original stream, the electric 
spectrum of the atoms, for the stream of electrified atoms is separated 
by this treatment into sub-streams— -much as a beam of light from an 
illuminating gas is analyzed into different rays by passing through the 
prism of a spectroscope. From the displacement of the path of the 
stream of electrified particles under the influence of electric and magnetic 
forces of known intensity, J. J. Thomson has developed what he calls 
positive ray analysis ; this furnishes evidence on such subjects as : 

Am the atom of an element all alike ? — The particles in any one stream 
are presumably all of the same kind because the parabolic curves are 
sharply divided, and show no tendency to merge one into another. If it 
were otherwise the curves would be “ fuzzy.” Ordinary chemical analysis 
cannot decide whether particles of one kind of substance have all the same 
mass, because it can deal only with the average masses of biUions of 
particles. 

Atoms and molecules with multiple charges, — ^Any given gas furnishes a 
number of different curves showing the presence of positive ions with 
multiple charges. Neutral molecules and atoms give spots, not curves. 
Thus, with oxygen, in addition to (1) ordinary neutral molecules, 0 ^; 
and (2) neutral atoms, 0 ; effects were obtained corresponding with 
streams (3) of atoms with one positive charge, O* ; (4) of atoms with tw^o 
positive charges, 0” ; (5) of atoms with one negative charge 0" ; (6) of 
molecules with one positive charge, ; (7) ozone with one positive charge 
0*3 ; and (8) molecules Og mth a positive charge, O’e. With hydrogen, 
evidence of entities H, Hg, H*, H', and H'g was obtained. 

Intermediate stages of chemical action, — ^The photographic plate registers 
the rays within a milliomth of a second after their formation, so that if a 
chemical reaction were taking place in the tube, it is possible that the 
method would disclose the existence of transient intermediate com]ioxinds 
as well as the final products of the reaction. For example, with methane, 
CM4, five lines occur corresponding with particles having masses 12, 13, 
14, 15, and 16. These must correspond with particles having the com- 
position, C, CH, CHg, CHg, and CH4. Phosgene, COCla, furnishes lines 
corresponding with particles having masses 99, 28 and 35*5, hence the 
decom;^sition proceeds by a separation of chlorine atoms from carbon 
monoxide without rapture of the carbon and oxygen atoms. No signs 
of a molecule NO3 were observed during the oxidation ot nitric oxide, NO, 
'W oxygen. 
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Atomm parabolic tracks recorded on the pbotograpMo 

plates enable the atomic weight of a gaseous substance to, be' determined 
within one per cent, of its true value without requiring more than 0*00001 
gram of .the substance. , The result, moreover, is not dependent upon the 
purity of the material, for impurities merely produce additional lines in the 
positive ray spectrum, and do not affect the curves produced by the sub- 
stance under examination. 

New elements. — If a spectroscopist observed an unknown line in, the 
spectrum of a discharge tube, he would infer the existence of an unknowm 
substance provided the line were not produced by some alteration in the 
condition of the discharge ; similarly, if a new curve be obtained in the 
positive ra}?" spectrum, the probable existence of a new element would 
be inferred. Thus, atmospheric nitrogen gives a curve corresponding 
with a substance having an atomic weight 40 times that of a hydrogen 
atom, and is not indicated on the plate when chemically prepared nitrogen 
is employed. The positive ray method, too, is far more delicate than 
spectrum analysis, for it enables a foreign gas to be detected in quantities 
too minute to be revealed by the spectroscope. Thomson found unknown 
lines indicating that the gas which has been called neon is probably 
a mixture of t\?o different gases of atomic weights 20 and 22— but with a 
pre|)oiiderating amount of the former. Many of the ordinary elements 
appear to be composed of two or more components which cannot be 
separated by ordinary chemical processes, and F. Soddy called them 
isotopic elements or isotopes (vide infra). F. W. Aston has greatly im- 
proved tiie original positive ray analyzer, and applied the principle to a 
number of elements ; as a result, he found that hydrogen, helium, nitrogen, 
oxygen, carbon, sodium, arsenic, phosphorus, scandium, titanium, vanadium, 
chrom ium., mangaiiese, cohalt, strontium., yttrium, and fluorine do not show 
isotopic forms ; boron has two isotopes 10, 11 ; lithium, 6, 7 ; potassium, 
SO, 41 ; cceskirn, 85, 87 ; neon, 20, 22 ; argon, 36, 40 ; sulphur, 32 ; 
chlorine, 35, 37 ; hr online, 79, 81 ; copper, 63, 65 ; gallium, 69, 71 ; and silver 
107, 109 ; magnesium has three isotopes, 24, 25, 26 ,* germanium, 70, 72, 
74 ; silicon, 28, 29, 30 ; kryptm, 78, 80, 82, 83, 84, 86 ; xenon and mercury 
have many isotopes not yet determined exactly. 

Allotropie hydrogen. — Thomson finds that the gas with atomic weight 
3 is given off by most solids when bombarded by the cathode rays. It is 
interesting to remember that D. I. Mendeleeff (1871) predicted a new ele- 
ment of the halogen group with an atomic weight 3, but Thomson thinks 
that the gas in question is a triatomic molecule of hydrogen, Hg, mainly 
because (1) deliquescent salts or salts containing combined hydrogen“-e.g. 
KOir, CaCig, LiOH — give continuous yields of the gas, while the supply 
wnth salts which do not contain combined hydrogen— e.gf. Lil, Li^COg, KCl 
— is soon exhausted. (2) Attempts to obtain spectroscope evidence of the 
new gas gave bright hydi’ogen lines with traces of mercury— deri^^ed from 
the apparatus used in manipulating the gas. (3) Vigorous sparking in the 
presence of oxygen, or contact with glowing copper oxide (or even exposure 
to bright light) destroys the gas. Assuming the gas is really Hg, it is more 
stable than'ozone, inore stable indeed than any known allotropie form of an 
element. If liydi’ogen is univalen^, it is difficult to reconcile its existence 
with the ordinary views about valency. Thomson explains it by assuming 
that the hydrogen atom with its positive huOleus and negative corpuscles 
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exerts a force analogous with that exerted by a magnet ; and a group of 
tiiree atoms can arrange themselves about their axes to form a closed 
stable ring. 

§ 5. Becquerei Rays. 

The secret of all who make discoveries is to look upon nothing as impossible. 

— J. VON Liebig. 

About the time Rontgen (1895) discovered the peculiar X-rays 
radiating from phosphorescing Crookes' tubes, H. Becquerei (1896) 
repeated some experiments of Niepce de St. Victor (1867) in order to find 
“ if the property of emitting very penetrative rays is intimately connected 
with phosphorescence.” In other words, does the principle of reversibility 
(pp. 38 and 241) apply ? If Rontgen rays make a fluorescent substance 
shine in the dark, will a fluorescing substance emit invisible penetrative 
rays ? Becquerei placed fragments of several phosphorescent substances 
on photographic plates wrapped in two sheets of black paper. In about 
24 hours, when the plates were developed, a silhouette of the phosphores- 
cent substance appeared on the plate. Hence, it was inferred that “ the 
phosphorescent salts of uranium must emit radiations which are capable of 
passing through black paper opaque to ordinary light, and of reducing the 
silver salts of the photographic plate, even when the uranium compound has 
been completely sheltered from the Mght.” The radiations emitted by 
the phosphorescent substance are called Becquerei rays, though Niepce, 
thirty years previously, noticed that uranium salts could eflect photo- 
graphic plates in the dark, and G. le Bon (1896) called the radiations 
lumikre noire-—'' black light.” A substance which possesses the property 
of emitting these penetrative rays is said to be “ radioactive,” and the 
property itself is called radioactivity. All substances containing uranium 
are radioactive. The energy is not stored like light in a phosphorescent 
substance, because the property is no different whether insolated or non- 
insolated uranium be used ; the energy does not come from the air because 
it is not affected by confining the uranium in a vacuum. It is therefore 
probable that the uranium is slowly undergoing some spontaneous change 
as an effect of its internal energy. Radioactivity does not depend upon 
light or heat ; the emission of the rays appears to be a permanent and 
abiding property of uranium and its compounds ; and it is independent of 
temperature and of all known physical conditions. No sign of a diminution 
or increase of the property has been detected whether the substance be 
heated towards 2000° or cooled towards -“200°. The same weight of 
uranium, no matter how combined, emits the same amount of radiation. 
The chemical properties of the elements — excepting perhaps the helium family 
— can he modified and controlled by changes in the chemical and physical con- 
ditions ; hut radioactivity is independent of these conditions* Consequently, 
the astounding assumption is made that radioactivity is an infra- 
atomic property, and is not the same type of phenomenon as an ordinary 
chemical reaction. If chemistry be confined to the study of phenomena 
with the atom as unit, radioactivity regarded as an infra-atomic pheno- 
menon, is a kind of meta-chemistry* 

Becquerei also found that when nrap^ium is brought near to a charged 
gold-leaf electroscope, Fig. 341, the gold leaf gradually collapses. The 
rate at which an electroscope is di^harged is a measure of the efficiency 


EADIOACTIVITY 


1021 


of the specvineii in emitting rays. ^ The charged electroscope, indeed, is 
jiiore sensitive the photographic plate for detecting Beoquerel rays. 
Air wiiicli has been in contact with uranium and its componnds, JE?:© air 
wliicii has bce?i, expoHcd to Rontgen rays, will discharge an electroscope, 
f(H- esinesin’c to these radiations makes air a conductor. 

Q. (t Schmidt (1S98) found that thorium is radioactive in the same 
sense tliat iiraniiim is radioactive, and curiously enough, these two elements 
have the highest atomic weight— Th, 232 ; U, 238. The radioactivity of 
tiioriuni is readily siiowri by fattening an ordinary new gas mantle on the 
sensitive side of a })hotographic plate, and leaving all in darkness for about 
a week. Wlieii the plate is developed in the usual way, a photograph of 
the fiatteneil mantle will be produced. The mantle contains sufficient 
thorium, fis oxide, to demonstrate the effect. 

It must be added that there are several strictly chemical reactions — 
hydration of quiniiie sul|)ha,te ; action of sodium amalgam or calcium 
carbide on water ; oxidation of phosphorus ; combustion generally ; etc. — 
'which have the power of rendering the ambient air a conductor of electricity 
so that it can diseliarge a charged electroscope ; and an attempt has been 
madt3 to hnd whether the t^vo phenomena are related. The temperature at 
which li^xlrogen and oxygen begin to combine in contact with carbon or 
platinurn is ainiost the same, within the limits of the errors of measurement, 
as that at which these elements begin to form negatively charged electrons. 
This, ho'ivever, is not sufficient to justify a belief that there is a causal nexus 
between the two phenomena. The property exhibited by many chemical 
reactions of making the ambient air electrically conducting must be sharply 
distinguished from radioactivity. Rutherford has emphasized the fact 
that the activity of radioactive bodies has these special characteristics ; 
( 1 ) It is spontaneous ; (2) It is exhibited by all the compounds of the radio- 
active elements ; (3) It is not altered by changes in the physical or chemical 
condition of the element. It might also be added that exposing metals 
to ultra-violet light, heating metal wires, splasliing liquids, etc., also makes 
the ambient air eiectricaliy conducting. 

§ 6. Radium, 

It is the ck>ry of G*od to conceal a thing, but the glory of a king to search it 

Ollt.—SOLOMON, 

For even the things which be in our hands — 

These, knowing, we know not — so far from us, 

In doubtful dimness, gleams the star of trath. 

Anon. 

Is the radioactivity of uranium due to the presence of an impurity ? 
— ,P. and B. Cinle tried to answer this question by examining the radio- 
activity of a niinxber of uranium minerals. They found the following 

relative results : 

Units ^ X^nits 

Pitchblende (Joachlmstahl) . . . Uranium oxide (green) . . .1*8 

Caniotito . * . ... . .6*2 Pitchblende (Cornish) . . . . P6 

Chalcolite . .,5*2 Thorium oxide . , . , 0*i to 1*4 

Motallie uranium , . . 2'3, ■ Uranium nitrate 0*7 

Orangite , . . . . ./'Monazite , y; , . . . . O'o 

Obviously some ttraniferous minerals are more active than uranium 
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itself. Hence, it was inferred that “ the strong activity of the pitchblende 
from Joachimstahi (Bohemia) is due to the presence of small qiiantities of 
a substance wonderfully radioactive, and different from uranium or any 
other simple body known,” This result was confirmed by the extraction 
of the chloride of what was supposed to be a new element designated 
radium, Ra, The salt was over a million times more radioactive than 
uranium. One ton of pitchblende contains about 0*37 gram of radium, 
and about half of this is obtained by the following method of extraction. 

The extraction ' of radium bromide or radium chloride from' pitch- 
blende. — The pitchblende is roasted with sodium carbonate and digested 
with dilute sulphuric acid ; the solution contains uranium, and the residue 
contains radium and impurities. The residue is boiled with sodium 
hydroxide ; washed with water, and then with dilute hydrochlorie acid. 
The insoluble residue is digested with sodium carbonate to convert the 
sulphates to carbonates. Wash the insoluble carbonates with water, and 
dissolve the mass in hydi'ochloric acid. The solution contains radium, 
etc. Add sulphuric acid to precipitate the radium, etc., as sulphates. 
Again digest the precipitate with sodium carbonate, wash with water, 
and dissolve in hydrochloric acid. Hydrogen sulphide will precipitate 
radioactive polonium. The ton of pitchblende furnishes about 0*00004 
grm. of this element. Oxidize the solution with chlorine and add ammonia, 
radioactive actinium is precipitated. The solution is boiled with sodium 
carbonate, washed wdth water, and evaporated to dryness with hydro- 
bromic acid. On the addition of hydrobromic acid, radium and barium 
bromides are precipitated. These are separated by fractional crystalliza- 
tion. 

The properties of radium and its salts. — ^The chemical reactions of 
radium cliloride are so like barium chloride that a separation is very 
difficult, and a slight difference in solubility is the only means of separating 
the two. The bromides are more easily separated than the chlorides. 
The spectrum is characteristic and related to that of the alicaiine earths. 
Metallic radium has been isolated by the electrolysis of radium cliloride 
with an anode of iridiumized platinum and a mercury cathode. The 
radium amalgam so obtained was heated in a current of liydrogen to 
volatilize the mercury. A white metal remained. This melted at 
about ‘TOO"^. The metal turns black in air, possibly owing to the forma- 
tion of a nitride ; it also chars paper ; dissolves rapidly and completely in 
water and in dilute hydrochloric acid, thus showing that the oxide is 
soluble in the solvents named. 0*0919 gram of the anhydrous chloride, 
whose spectrum showed the presence of barium but faintly, gave 0*0859 
gram of silver chloride. Hence, 0*0919 gram of radium chloride colitains 
the equivalent of 0*0213 gram of chlorine ; or 35*46 grams of chlorine unite 
with 117*5 grams of radium. Hence, the equivalent of radium is .117 *5. 
If radium chloride be Ra0l2, by analogy wUh barium chloride, Bad 2 , the 
atomic weight of radium is nearly 235. Later determinations give rather 
lower values — ^226*5. 

Radium appears to be a member of the family of alkaline earths. Its. 
salts resemble the corresponding salts of barium. Radium sulphate is less* 
soluble than the barium salt, the carbonate also is sparingly soluble. The 
chloride and bromide crystallize with^two molecules of water; RaClg. 
2 H 2 O ; „ RaBr 2 . 2 H 20 , and these oi^stals are isomorphous with the corre- 
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spondiiig barram salts. The radium halides are much less soluble thaa the 
barium halides, and this enables radium to be separated from barium. 
Several other salts- — nitrate, a»zoiniide, cyanoplatinate, etc.— have 'been 
prepared. The radium salts when freshly prepared are white, but they 
afterwards become yellow and brown, particularly if the salts are impure. 
Solutions of radium salts have a blue luminescence, and the salts are all 
luminous in the dark. The spectrum of radium is characteristic, and it 
exhibits lines which belong to no other known element. Radium salts 
impart a crimson coloration to Bunsen’s flame. 

' The chemical ' effects of the radiations from radium. — -The 
Becquerel rays evolved from radium chloride closely resemble those from 
uraiiiuni and they produce similar effects, but over a miUion times more 
intense. The Becquerel rays from radium chloride or radium bromide 
incite phosphorescenoe in diamonds, rubies, fluorspar, calcium sulphide, 
zinc sulphide, barium platinocyanide, etc. If the eyes be closed, and a tube 
of radium bromide be held near the forehead, the retina of the eye becomes 
phosphorescent, and light will be seen though the eyes are closed. A tube 
containing a little radium bromide -when held near the skin for a few hours 
produces painful sores. CaterpiHars and other small animals are said to 
be killed if shut up in a box with a minute fragment of radium. The 
radiations coagulate proteid matter — e.g. globulin. It is also claimed that 
the exposure of malignant skin diseases, superficial cancer nodules, etc,, 
has proved beneficial in many cases, although the testimony of medical 
experts is not unanimous. Becquerel rays cause chemical action— 
discolour paper and glass ; turn oxygen into ozone ; form hydrogen 
peroxide in acid, neutral, or alkaline solutions ; decompose w'ater ; convert 
yellow phosphorus into the red variety ; reduce mercuric to mercurous 
chloride, and ferric to ferrous sulphate ; decompose iodoform, potassium 
bromide, hydrogen sulphide, carbon dioxide, etc. An aqueous solution 
of a radium salt continuously evolves hydrogen and oxygen gases, owing to 
the decomposition of the water. The radiations affect photographic paper, 
and discharge an electroscope as already indicated. 

The action of a magnet on the radiations from radium. — A few 
sheets of paper or a couple of sheets of aluminium foil -will cut off a large 
part of the radiations, and a sheet of lead, about half a centimetre thick, 
will cut off nearly all the radiations. A residuum stiU remains unsuppressed 
even after passing through 15 cm. of lead or through a far thicker block of 
iron. Hence, the radiations from radium are not homogeneous. 
Again, the radiations from radium are not affected in the same way by a 
magnet. Borne of the rays are not influenced, for they do not bend 
when placed in a magnetic field, these are called the y-rays. Others 
are bent towards the magnet, and are called the j8-rays ; while others 
are bent away from the magnet, and are called the a-rays. The three 
distinct types of rays in the radiations emitted horn radium salts are as 
follows : 

1. Alpha rays,— The a-rays are slightly bent by intense magnetic 
forces ; they have a positive charge ; and slight penetrative power, so 
that' they are suppressed by a few layers of paper or a few cm. of air. The 
general properties of the a-rays .correspond with those of the canal 
rays in a vacuum tube. The experimental evidence leads to the infer- 
ence that the a-rays are streams Cf .^atxyely charged electrons projected 
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from radium with a velocity approaching 20,000 miles per second. The 
emission of a«particies from radium salts can be illustrated very . neatly 
by W. Crookes’ spinthariscope. A small fragment of a radium salt 
supported at the tip of a wire, B (Fig. 346), in front of a screen, A, coated 
on the inside with zinc blende, is viewed in the dark through a magnifying 
eyepiece, E, which is focused on to the screen by sliding 
it up or down the tube. Flashes of light are continually 
scintillating on the screen. R. K. Duncan likens the 
eSeet to the appearance of a swarm of fireflies on a dark 
night. The scintillations are caused by the rain of 
a-particies from the radium salt on to the screen. Each 
impact is marked by a flash of light. Each a-particle is supposed to 
produce one flash. 

2. Beta rays. — The ^-rays are readily bent by comparatively weak 
magnetic forces in the opposite direction to the a-rays. The ^-rays have 

a negative charge ; a-nd a stronger penetrative pow'er than the a-rays. i 

The general properties of the ^-rays correspond with those of the 
cathode rays of the vacuum tube, for they appear to be negatively 
charged electrons or corpuscles projected from the radium salt with a 
velocity approaching 100,000 miles per second. The corpuscles in Crookes^ 
tube travel a little more slowly than the j8-rays from radium. A difference 
in speed might be expected from their different modes of generation. The 
following experiment — R. J. Strutt’s radium clock— 
illustrates the character of the ^-rays. A morsel of a 
radium salt is enclosed in a glass tube, A, Fig. 347, 
coated with a conducting material and ending at the 
bottom with a brass cap from which hang a pair of gold 
leaves* This system is fitted within a .glass tube from 
which the air is exhausted. The inside of the tube is 
coated with strips of tinfoil, B, connected with the earth 
by the wire 0. The ^-rays from the radium pass through 
the glass and leave the central system with a positive 
charge. This causes the gold leaves to gradually diverge . 

until they touch the tinfoil, when they are discharged, f 
Tig 347 — f be leaves collapse. The process begins anew. 

Strutt’s Radium "^bis charge and discharge goes on continuously since 
Clock. the radium can emit these radiations an indefinitely 
long time. This arrangement is perhaps the nearest 
approach yet made to perpetual motion. The frequency of the cycle, of 
course, depends upon the amount of radium in the inner tube. 

3. Gamma rays. — ^The y-rays are not affected by the most intense 
magnetic forces. Their penetrative power is very intense, and tli^^y can 
manifest their presence after passing through several inches of metallic 
lead or several feet of metallic iron. The relative penetrative powers of 
the three types of rays for aluminium are rouglily as a : /I : y ~~ 10 : 10'* : 10^. 

The y-ra 3 ^s do not appear to be material particles at all, but the experi- 
mental e^ddence shows that the y-rays are similar to, if not identical 
with, Rontgen rays. A diagrammatic illustration of the tbree types 
of radiation from radium can now be given, Fig. 348, A piece of radium is 

"fco be placed in a lead vessel, A, sufficiently thick to prevent rays 
travelling tlirough the walls. Under tie influence of an intense magnetic 




Fig. 346. — Spin- 
thariscope. 
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field, the rays no longer travel in straight lines, but, they are deflected, as 
shown diagrammaticaily in the figure. 

The spontaneous degradation of energy by radiu m. —All three types of 
rays are contiiiiiously emitted by radium compounds in their normal con- 
dition. The intense radioactivity of radium appears 
to be associated •with the fact that the temperature 
of the., salts is always a little — ^about 1*5° — above 
the temperature of their surroundings. Normally, 
one gram of radium appears to evolve enough 
energy to raise a little more than its own weight of 
water from freezing to boiling point every hour; 
this amount of heat is equivalent to 118 Cals, per 
hour, or about 1000 cals, per annum. It has been 
estimated that a gram of radium will continue 
radioactive for about 2500 years, and it therefore 
follows that a gram of radium gives energy equiva- the Radium Radia- 
leiit to tliat obtained by burning y%ths of a ton of tions by a Magnet, 
coal during the period of radioactive change. Other- 
wise expressed, radium furnishes 250,000 times as much energy as is 
given by burning an equal weight of coal. Obviously, too, a relatively 
large amount of energy is needed for the continuous decomposition of 
water by radium salts in aqueous solutions. Hence radium is con- 
tinually doing work at an undiminishing speed without any external 
supply of energy ; otherwise expressed, the reaction is exothermal 
Whence comes this supply of energy ? 


§ 7. The Degradation of Radium. 

All things have their emanations, — ^Empedocles. 

Matter, formerly regarded as inert and only able to give back energy originally 
supplied to it, is, on the other hand, a colossal reservoir of energy — infra- 
atomic energy — ^w’hich it can expend without borrowing anything from 
without. — G. LE Bon (1908), 

Hotv does the continuous evolution of heat by radium agree with the 
dogma that heat cannot come from nothing, but must come from some other 
.source Y The heat of a stove is derived from the oxidation of the fuel 
inside ; with radium, it is assumed that the atoms (or molecules) are 
continually changing. If radium be an element, and the radium atoms 
are changing into something not radium, it foliow's that there must be some 
flaw in the hitherto universally accepted definition of an element. 

Ac«?ording to P. and S. Curie : 

Any substance placed in the neighbourhood of radium acqriires a radioactivity 
wliicJi for many hours and even days after the removal of the radium. 

This induced radioactivity increases with the time during which it is exposed to 
tiic action of radium up to a certain limit. After the radium is removed, it 
de<freascs rapidly and tends to disappear. The kind of substance exposed to the 
radium is almost a matter of indifference, for all substances acquire a radio- 
activity of their own. 

This fact has been traced to the continttous evolution of a substance 
from radium which behaves as if it were a radioactive gas. The emanation 
emits only the a-rays, that is, positive; ions, virtually ,as large as atoms 
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themselves.' To avoid the hypothesis implied by caling the , radioactive: 
snbstaaoe, a gas,’’:E. Rutherford, its discoverer, called it e^mnation* ' 
The radium' emanation is quite’ -distinct from the three typeS' of' rays 
emitted by radium and its salts. The amount is very small, _ but the supply 
is continuous. If the temperature be raised the absorbed enianation is 
given ofif, for a short time, much more copiously than in the cold. There is 
now little doubt that it is a gas, for it has a characteristic spectrum, some- 
what resemhling the specti’um of xenon ; it can be condensed by liquid air 
to a minute drop of liquid (microscopic) of specific gravity 5'7 ; and at still 
lower temperatures, the liquid solidifies. The solid melts at about ~~ 71^, 
and the liquid boils at about 62°, The radioactive gas is chemically 
inert, for it resists attack by every chemical reagent hitherto tried, it has 
a characteristic spectrum, and distinctive chemical and physical properties, 
and in consequence, the radium emanation has been placed with the argon- 


helium group of the periodic table. The 
atomic weight of the emanation, if it has 
spectral Tube^l an atomic weight, appears to be neariy 

222*5 (Hg == 2). This has been deter- 
[] mined by the gas density, the diffusion, 

and the effusion methods. It has been 
coifeccs suggested that the gaseous radium ema- 
^~Tube acnuinh^ nation be called niton, Ist, from the Latin 
mtoa, shining. 

*'^*®^®^^*'**^ emanation, if kept by itself, slowly 

I A 1 » I disappears. After about four days, only 
ifl about half the original quantity remains. 

I 1 I I In fact, the radium emanation decom- 

II I I poses, continuously and spontaneously, 

into a radioactive solid and helium gas. 
This latter observation is important. 
Rutherford enclosed some radium ema- 

Fig. 349.-Rutheriorcl’s Experi- thin-waUed glass tube sur- 

ment slewing the Chan^ of rounded by a vacuum jacket. Fig. 349. 
a-particlea into Helium. Each vessel was gastight ; a-rays from 

the radium emanation could penetrate 
the walls of the inner vessel, but not the walls of the outer tube. By 
raising the left mercury reservoir, the gas in the annular space could be 
compressed in the spectrum tube, and there sparked, and examined 
spectroscopically. In two to six days’ time, a gas with the spectrum of 
helium accumulated in the annular space between the two tubes. To 
show that the helium was not derived by diffusion from the inner, tube, 
the emanation was removed and helium substituted. No trace of helium 
could be detected in the outer vessel after standing several days. This 
and other experiments have proved that the radium passes into helium 
via the emanation. Otherwise expressed, helium is one decomposition 
product of radium. Still further, the a-rays are streams of positively 
charged particles, each particle carries two unit positive charges, and 
each a-p^ticle is an atom of helium carrying two unit positive charges. 

The action of the radiations on air, — ^The movement of the swiftly 
speeding a-particles is obstructed aa they pass through a gas ; and the 
kinetic energy (p. 135) is expended in doing work on the gas. The gas 
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into wMcb. tlie a-particles are discharged becomes a -conductor of electricity, 
and it acq_nires a greater chemical activity. . The gas is said to, be ionized. 
The a-particies can travel but a few centimetres.before their initial velocity 
is exhausted, and they pass into ordinary molecules of helium. In air, for 
instance, the a-particles from uranium are slowest — they can travel about 
2 * 5 - cm.— whereas the ' a-particles, from thorium Cg, travel fastest— about 
8‘6 cm. 

The career of the a-partioles has been investigated at different stages of 
its flight, ikt the beginning, when 'the -speed and kinetic energy are 
greatest, the particle does least work in ionization. It is supposed that 
Just as a swiftly speeding bullet can cut a clean hole in a pane of glass, 
ivhile a slowly moving bullet will shatter the glass, so when the speed of the 
a-particles is greatest, they can pass right through the moiecuies of a gas 
without producing any appreciable effect; but towards the end of their 
light the ionizing power is greater because of the greater shattering power 
of the slowly moving moiecuies ; and finally the particle ceases to ionize 
the gas and settles down to “ ordinary life ” as a helium molecule (or atom). 
The stopping power of a gaseous meciiiim is determined, not by the physical 
or chemical properties of the gas, but solely by its molecular weight. 

The path of the ray through a moist gas has been made visible, owing 
to the condensation of water about the ions produced in the track of each 
a-particie. C. T. R. Wilson (1912) has photographed the fog so produced 
in the tracks of the a-partieles, and the photographs make it very plain 
that the ionizing power of the particles rapidly reaches a maximum, and 
then rapidly siiis to zero as the moiecuies of helium. Similar fogs pro^ 
duced by the ^-rays have been photographed. If a ^-ray moves rapidly 
it produces a straight track, hut the slower-moving rays have more or less 
tortuous tracks, being deflected hither and thither by collision with the 
moiecuies of the gas. The tracks produced by the Rontgen rays closely 
resemble tiiose produced by the ^-rays, and it is presumed that the 
Rontgen or y-rays excite ^-rays in matter on which they fail, and that the 
effects produced" by the y-rays are directly due to the j6-rays to which they 
give birth. 

Counting the a-particies emitted by radium.— E. Rutherford and 
H. Geiger (1908) devised an electrical method for counting the a-particies. 

Target' or Detecting 

Firing Chamber. Chamber, 


Mica Window. 



Fig. 350.— Apparatus for counting the a-partioles emitted by radium emanation. 
(After E. Rutherford and H Geiger.) 


A PTn».11 disc with a Uttle emanation was fixed to a smatt iron cyfind^er 

and plwed in a long glass cylind^— Rig* , S50. The position of the^. 
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radium disc could be adjusted by means of a magnet. This chamber — 
GsEed the firing chamber — ^had a small mica window opening into a brass 
cylinder with ebonite ends and fitted with a central wire, R, connected with 
an' eleetronieter. /' The brass; cylinder was exhausted, ' and it then forms the 
tm'get 01 detecting chamber. It was found possible to adjust the conditions 
so that two to five particles per minute passed through the mica window 
and upset the electrical equilibrium of the testing chamber. Each particle 
signalled its arrival by an unmistakable jump of the needle of the electro- 
meter, The needle can be arranged so that its movements are recorded 
on a chart (Fig. 351). Each jump represents the arrival of one particle 
in the “ detecting chamber.” Some of the jumps show^ that tivo particles 
sometimes arrive simultaneously or almost simultaneously. Given the 
size of the window and the distance of the source of the projectiles, simple 
arithmetic furnishes the number shot per minute in all directions from the 
radium emanation. The results were consistent with those obtained by 
counting the number of scintillations produced per minute when a zinc 
sulphide screen was used as a target, and show that about x 10^® 
of a-particles are shot per second from a gram of radium. Each 
a-par tide represents one atom of helium. Further experiments also 



Fio. 351. — Chart showing movements of the needle of the electrometer on the 
arrival of a-particles. 

showed that a gi’am of radium furnishes about 0T58 c.c. of helium per year, 
hence the weight of an atom of helium can be computed. 

The restoration and decay of the radioactivity of radium.-— 
The radium from w^hich the emanation has been abstracted loses about 
75 per cent, of its radioactivity and it then emits practically nothing but 
the a-rays ; the and the y-ray activities are almost completely lost. 
The normal radioactivity of radium gradually returns to its original value 
on standing. The rate at which the exhausted radium regains its activity 
is equal to the rate at wdiich the emanation loses its radioactivit 3 ^. Hence 
it is inferred that radium is constantly generating and storing the emana- 
tion, and that the emanation is constantly decaying. We have here the 
principle of opposing reactions, and the radioactivity of normal radium 
is an equilibrium value because the rates of production and dis- 
integration of the emanation are evenly balanced. The processes of 
decay and restoration cannot be influenced by any knowm controllable 
physical or chemical force ^ ; they are independent of the ciheniical form of 
radium — chloride, bromide, carbonate, sulphate, metal, etc. ; all w^e can do 
is to study the mode and measure the rate of change. Hence, rightly or 
wrongly, it has been inferred that the process is a property of the radium 
aiom, alone ; that the radium atoms break do’wn into atoms of the emana- 
tion ; and the atoms of the emanation break down into a radioactive solid 

^ This has, of course, no reference to, the statement in tlie text to the effect 
that the emanation can be driven off from radium with a greater velocity at 
elevated temperatures because the emanation is already there. The rate at which 
the radium manufactures the emaiialion is not affected by temperature, etc. 
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and helimii' gas. This reminds us of the 'step- by step decomposition of, 
potassium hypochlorite into potassium chlorate, perchlorate, and chloride 
as well as oxygen. By analogy with the evolution of heat which attends 
certain exothermal chemical reactions— c.gr. the decomposition of ozone 
2 O 3 3 O 2 “f* 68*2 Cals. — it has been stated as an hypothesis that the origin, 

of the energy of radioactive bodies is due to the decomposition of the atoms 
into electrons. In the one case, the atoms liberated during the reaction 
recombine to form new and more stable molecules ; and in the other case, 
the liberated electrons unite to form new and more stable atoms. Accord- 
ing to this hypothesis, a radioactive substance must have a more or less 
limited period of existence or life. 

The products of the decay of radium.— The solid radioactive 
deposit has been studied, and it has been found to ‘‘ decay ’’ into a series of 
products some of which give a-, or y-rays, and the presence of the radio- 
active solid is therefore the source of the and the y-rays of radium. 
Hence, radium normally contains ail three products — ^radium proper, the 
emanating gas, and the radioactive solid. It is estimated that 25 per cent, 
of the radiations of normal radium belong to radium proper ; 18 per cent, 
more of the a-rays belong to the emanating gas; and the remaining 
57 per cent, to the radioactive solid. The products of the decay of radium 
— radiimi-A ; radium-B ; etc. — ^so far as they have been at present made 
out, are as follows : ■ 

The Descend akts of Kadiijm:. 

min. ; 

Radium . . . A — > B Oj A and y«) ^ F 

^ Dg 

Average life ^ . 3 m. 26*8 m. 19*5 m. 15 y. ? 4*8 d. 140 d. 

Radiation. . , a- a-, jS-, y- 8*, y- a-rays 

^^6 210 210 

Helium is undoubtedly formed at each stage of the degradation. 
Radiurii-F appears to be the same as S. Curie’s radioactive polonium, 
which, in the absence of proof to the contrary, is thought, on further change, 
to pass into lead. 

F. Soddy and H, Hyman (1914) tried whether the atomic weight of lead 
extracted from the mineral thorite and ordinary lead showed any difference. 
They reported that the former gave the smaller result, though zio special 
precautions were taken to eliminate silver. M. Curie (1914) similarly 
found that lead derived from pitchblende had an atomic weight 206*5 when 
galenic lead had the value 207*01. Hence, it has been inferred that ‘‘ there 
are several ^^aneties of lead of different atomic weights determined by the 
initial metal from which they are derived.” In general, lead derived from 
radioactive minerals has a lower atomi <5 weight than ordinary galenic 
lead. T. W. Richards and R. P. Calvert (1914) add : 

Tile inference seems to be that radioactive lead contains an admixture of some 
substance different from ordinary lead, and very difficult to sex^arate from it by 


^ The term “ average life ” employed in the study of radioactivity corresponds 
with the following illustration : “ If a church at a fixed time contains a number 
of people of different ages, then, given the number of years each person mil live 
after leaving the church, the average life of the congregation is reckoned from the 
time fixed by that church attendance?’ This is' not the average life taken from 
the time of birth used in computing insurance rates. — A. T* Cameron (1910). 
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eliemical means. . , This substance cannot be identified in the ultra-violet , spectrum 
of the material, either because-ifc has the same speetmm, as lead, or because it lias 
no spectrum in that part of the field, or because its spectrum is masked or absorbed 
by that of lead. ' 

With the elements copper, silver, iron, sodium, and chlorine from widely 
different sources no such difference in the atomic weight has been observed. 

The Descendants OF Thoeium. 

Thorium emanation A — > B —5?* Cj 

Average life , , 54 sec. 0*14 s. 106 h, 60 m. 

Badiation ... a- 

' .Estimated atomic 1 220 ■ 216 212' " ' '212 

weight - - 

With thorium, bismuth is said to be the hypothetical end product. 
The onus probandiy or burden of proof, of course rests with those who make 
the assertion. Inability to prove a statement is false is rarely of much 
value as evidence that the statement is true. 

R. W, Gray (1913) reports that he found lead in some capillai’y tubes in which 
a minute cjuantity of radium emanation had been stored for four years. There are 
three possible sources of the lead : (a) The glass of the tubes contained 0*03 per 
cent, of lead ; (b) The mercury used to seal the tubes contained a trace of lead ; 
(c) the disintegration of the emanation, a la the emanation hj^pothesis. The glass 
of the tube was undoubtedly attacked by the emanation as shown by the dis- 
coloration, although no measurable amount of lead was obtained by digesting the 
powhered glass with water for .some time. 


§ 8. The Degradation of Uranium, 

The habit of suspending judgment until the conclusion has been fully tested 
by varying the circumstances of the experiment, and by repeated accurate 
measurement, is a valuable habit to acquire, — G. F. Fitzgebald. 

Under ordinary conditions, uranium and its salts — ^presumably freed 
from radium — give both a- and ^-rays. If crystals of uranium nitrate, 
U02(N03)2.6H20, be shaken with aqueous ether, the lower aqueous 
layer contains uranium which gives the a- and the jS-rays ; while the upper 
ethereal layer contains uranium which gives the a-radiations only. In 
order to distinguish these two varieties of uranium, the former is called 
uranium-X, and the latter simply “ uranium ” or “ uranium proper.” 
Uranium regenerates the norm?d quantity of uranium-X in from six to 
twelve months. Uranium-X is responsible for the ^-rays of ordinary 
uranium ; uranium proper gives only the a-rays. The extracted iii;anium- 
X loses its power of emitting the a-rays at the same rate as uranium proper 
regains it. A second quantity of uranium-X can be extracted from restored 
uranium, and so also a third and fourth extraction can be made ; and, 
so far as we can guess, the extraction, restoration, and re-extraction can be 
repeated an indefinite number of times, that is, until all the uranium has 
been transformed into uranium-X. Hence, it seems impossible to avoid 
the inference that uranium is continuously and spontaneously decom- 
posing into uranium-X and helium. In a similar manner it has been 
shown that uranium-X is itself breaking down into a radioactive solid 
which has been called ionium. Ionium bears some analogies with thonmm 


''.'D 

3 m. 
^-y-rays 

208 . 


RABIOAGTIVITY 


loai 

Still fiirtherj it lias also been proved that ionium is continuously and spon*. 
taiieoiisly passing into radium. Consequently, starting from uranium,. , 

IXramum-^ Uranium-X--> Ionium "-^ Radium, 
Atomic weight 238*5 230*5 230*5 226*5 ■ 

Average life , . 8,000,000,000 y, 35*5 d. over 50,000 y. 2500 y. 

There is some evidence that what is here called uranium is itself a mix- 
ture of what have been called uranium-I and uranium-II, but that these 
substances are so much abke that no method of separation has yet been 
successful. There is also evidence that uranium-X furnishes two different 
products, uranium-Xj and uranium-Xg. Without entering into further 
details, it can be said that there is a possibility that uranium is a parent 
ancestor of radium, and radium is a parent ancestor of helium, and, if inference 
be correct, that radium is the parent of lead. Summarizing these changes 
OB a kind of family tree showing the nature of the rays emitted, the atomic 
weights of the products, and the average life : 

Ctknjsalogical Tbee of the Ueanixjm-Raditjm Family. 


,a-rays ■ 

(5 X years) 

Uranium- (238*18) 

i8« and y-rays 

(23*5 days) 

Uranium-Xj (234*18 

jS-and y-rays 

(1*7 mins.) 

Uranium-Xg (234*18) 

: y 

(2 X iO*'' years) 

I 

TJranram-TI {234'18) 

a-rays 

(1 X 10" years) 

4' 

Ionium (230*18) 

a- and j8-rays 

(1730*375 years) 

4^ 

Radium (226) 

a-rayS'" 

(3*85 days) 

Emanation (222) 

'^a-rays/' ■, 

(3*0 mins.) 

4^ 

Radium-il (218) 

and y-rays 

(26*8 mins.) 

4^ 

Radium-B (214) 

.. ^ ■■ 

|3-:"'and y-rays„ , . 

(19*5 mins.) 

4^ 

Badioni-Ci (214) 

i3-rava 

j8-. and y-raya : : 

( 16*5 years) 

' ;(5*0'' years).'' ' , 

' ' 4^':' ■' 

Radium-D (210) 

4< 

Radiiiim-E (210) 

■■■'■'"ayavs 

(136 days) 

v : ' 

Radium-F (210) 


Badium-G (206) 


Analogous tables have been compiled for the actinium and thomm 
families. Curiously, also, potassium and rubidium are slightly radioactive, 
for they emit jS-rays, while the sadips^mly of sodium has not been 
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detected, THerefore, between 30 and 40 radioactive bodies are assumed 
to exist; not half a dozen of these bodies have been isolated. The pro- 
perties of those radioactive elements which have not been isolated have 
been deduced from their behaviour when mixed with large proportions of 
pther known elements. 

We have seen that the atomic weight of radium is 226*5 and of the 
emanation 222*5. It therefore follows that one atom of radium furnishes 
one atom of the emanation and an a-particle which, in turn, furnishes an 
atom of helium with an atomic weight 4. No other material product of 
the change is known, and the reaction is accordingly symbolized : 

Radium Emanation (i.e. Niton) -f Helium. 

Similar assumptions have been employed in estimating the atomic weights 
of the other radioactive substances. The emission or S-rays {i,e. electrons) 
is supposed to produce no measm’able change in the atomic w^eiglits, 
while the emission of a-rays (charged helium atoms) at each stage of the 
disintegration is supposed to reduce the atomic weight by 4. 

At the beginning of 1913, several investigators stated that the expulsion 
of an a-particle by a radioactive element causes the residual product to 
shift its position two ‘‘places” in the periodic table in the direction of 
diminishing mass, so that the residual product is not in the next family, but 
in the next but one. Similarly, when an element gives off a jS-particle, 
the product shifts its position in the opposite direction one “ place ” in a 
direction opposite to that for an a-ray change. Hence two changes 
attended by the emission of ^-particles, and one by an a-particle would 
bring the product back to its original position in MendeMeff’s table. 
As A. S. Russell expressed the displacement rule : whenever an a-partide 
is expelled hy a radioactive element ^ the group in the table to which the res^dtant 
product belongs is either 2 units greater or two imits less than that to which 
the pareiit belongs; and when an element gives off a ^-particle, with or 
without the accompaniment of X-rays, the resultant product shifts its 
position so that it is one unit greater or one unit less than that to which the 
parent belongs. This is illustrated with the radium family by Pig. 352. 
Similar tables have been compiled for the actinium and thorium families. 
Further, when any number of radioactive elements occupy one place in 
the periodic table, these elements cannot be sej>arated from one another 
by any knovm chemical process. Thus, when mesothorium-I gives off 
two ^-particles and one a-particle to form thorium- X, it is elairned that 
the two substances cannot be separated from one another in spite of the 
^fference in their atomic weights ; and they are probably spectroscopically 
indistinguishable. These non-separable elements are what F. Soddy 
called isotopic elements, or isotopes, e,g. ionium, tlioriiim, and radio- 
thorium are isotopes, and niesothorium is isotopic with radium {vide supra). 
The different forms of lead discovered by Soddy connected with radio- 
activity (1914) are also said to be isotopic, for they have the same atomic 
volumes and the same chemical p^roperties ; hut F. A. Lindeinann (1915) 
has shown that two elements of different atomic "weight must differ either 
in their chemical or physical, properties. The argument is based on the 
laws of thermo-dynamics, and he argues that the lead from thorite wiE 
probably have a melting point 1 * 54 ® higher than ordinary lead. 

To summarize, the more facts are : 

(1) Radioactive substances aae decdknposing spontaneously. 
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(2), The reaction is exothermal, but: the speed of the decomposition is 
not aif ected by , any known external condition ; the thermal value 
of the reaction, too, is more than a million times greater than that 
of any knovm chemical reaction. 

(S) The decomposition proceeds in a series of .stages-— consecutive 
reactions. 

(4) Helium is one ultimate product of the decomposition. 

(5) T,hree types of ‘'radiant rays are emitted at different stages of' 

the decomposition. 



Fig. 352. — Arrangement of the TJranmm- Radium Family in the Periodic Table. 

The occurrence of radioactive substances. — Radioactive substances — 
chiefly thorium and radium — occur in many minerals in comparatively 
large amounts. In the uranium minerals, for example, the ratio Ra : U 
averages nearly 3*5 X 10“’^ by weight. Radioactive substances are every- 
w'here present in the atmosphere. It is estimated that a million parts 
of atmospheric air contain 0*06 X 10 “ p^^rts of radium emanation, and 
2 X 10" ^® of thorium emanation. Hence, a charged electroscope in an 
exhausted glass vessel may retain its charge for months, but if air be 
admitted, the instrument will be discharged in a relatively short time — 
say, 24 or 36 hours. The emanations are found more particularly in the 
atmosphere over land than over the sea. Hence, it is inferred that the 
radioactivity of the atmosphere is derived from emanations from the land, 
and this is in agreement with the fact that the radioactivity of deep-sea 
Tvater is greater near the bottom than near the surface. So far as observa- 
tions have been made, every cubic centimetre of sea water averages about 
0*017 X 10“^^ grm. of radium. This means that not less than the equi- 
valent of 20,000 tons of radium oc^gurs in the Oceans of the earth. Radio- 
active substances are widely distributed in the solid crust of the earth ; 
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tliey areiound m ail kinds of rocks, clays, ' soils, etc. One estimate indi- 
, cates that an' average of 1*4. .-X-' of radium is present per gram of 

.rock. The water from deep*-.seated springs and -wells lias usually a marked 
.radioactivity, and it has been stated that the curative properties of certain 
mineral waters— e.g. those of 'Buxton, Bath, Wiesbaden, .Bohemia, .etc. — 
'.are' due. to their radioactivity. ' This statement is mere guessing, because 
so little is known about the physiological action of the radiations from 
radioactive materials. The fact that radioactive substances constantiy 
emit heat, and since the emanations are ubiquitous in the earth’s crust, it 
follows that the heating effects of these substances must play an important 
part, in maintaining the heat of the earth, and must have profoundly 
modified the rate of cooling of the earth in past ages. 

§ 9. The Mutability of the Elements ; and the Disintegration of Atoms* 

To inquire whether the metals be capable of being decomposed and composed 
is a grand object of tme philosophy.— H. Davy (1811). 

Radioactivity is the least manageable of natural processes. It will not be 
hurried or controlled. Nature keeps the management of this particular 
department in her own hands. Man views the phenomenon with hungry 
eyes, but his interference is barred out. He can only look on in wonder 
while it deploys its irresistible unknown forces. — Akon. (1907), 

About 1902, many hypotheses were suggested to explain the phenomena 
associated with radioactivity ; R. Meldola, for example, suggested the 
heiide hypothesis of radioactivity. In this, the radioactive elements are 
supposed to be compounds of helium with other elements — helides — ^and 
these compounds are further supposed to be undergoing a gradual 
spontaneous decomposition into simpler substances. This hypothesis has 
been abandoned by R. Meldola ; it has received very little consideration, 
because attention has been mainly focused upon a second hy^pothesis, 
which runs somewhat as follows : Ordinary atoms are supposed to be 
small intricate systems of electrons, link*ed together by forces of tremen- 
dous power. The properties of the different elementary atoms are deter- 
mined by the number and configuration of the intra-atomic electrons. 
Radioactivity is an atomic property, and it is an effect of the instability 
of certain atomic systems. The disintegration of the unstable atoms is 
marked by the emission of rays. The radioactive elements are therefore 
unstable, and are continually and spontaneously changing by numerous 
intermediate stages into more stable elements. This hypothesis is called 
Rutherford and Soddy’s theory of the disintegration of the atoms, because 
they established its claim to serious consideration, and have done valuable 
work \nth its aid. Their hypothesis is orthodox and fashionable. If 
this hypothesis should survive that struggle for existence which all 
neoteric hypotheses must undergo, then radioactivity will be cited as 
proof of the devolution of the elements. Astro-spectral observations, 
p. 1006, leave little room for doubt that in the cooling stars ’’ a process 
of evolution of the elements is in progress. 

It is further assumed that the radioactive elements are not unique 
among the elements in containing abnormal stores of internal energy, but 
— excluding potassium and possibly rubidium— -the other elements are 
either immutable or else they are changing so slowly that no signs of muta- 
tion have yet been detected. According to the atom disintegration 



Iiypotliesis or radioactivity ^Mature is continaaily changing, tlie elements 
with the largest atomic weights such as uranium (238*5) and thorium (232*4) 
into simpler elements. The latter, in turn, are said to he stable 'simply 
because no signs of radioactivity have yet been detected. It is possible 
.that if .ever elements existed on earth, with larger atomic weights,' and by 
inference, with.mo.re compleX' atoms, they .have all degraded into .simpler 
forms, and are now probably extinct elements, hence also, it might be 
inferred that the most widely dijfused elements have small atomic weights. 
The gaps %vMcii appear in Mendeleeff’s table (p. 992) also appear significant. 
Thes elements with the smallest atomic weights, and those which are found 
in greatest abundance on the earth — ^hydrogen, helium, calcium, oxygen, 
sodium, silicon, etc.— -are usually considered to be the most stable, and to 
contain least . infra-atomic energy. Hydrogen and helium, occurring in 
the hottest stars, are supposed to have a tendency to form aggregates, 
and pass into common teiTestrial elements during the cooling of the hot 
stars. ^ It seems as if uranium and thorium must have been exposed to 
peculiar conditions— possibly of pressure and temperature — ^whereby 
they were elaborated beyond the limits of stability, and absorbed stores 
of energy which are now being slowly released fccause the conditions 
necessary for their stability, no longer obtain. 

It might be asked why the comparatively conspicuous self-destructive 
activities of radium have not led to its extinction long ago ? Itutherford 
estimates that the radium now on earth will be disintegrated and the whole 
virtually extinct in about 25,000 years. There can thus be little doubt that 
if there had not been a continuous source of supply, radium would have 
been an extinct element long ago. The decay of the heaviest known ele- 
ment uranium is so extraordinarily slow that it can just be detected, and 
a rough estimate made of its hfe — 8,000,000,000 years — as indicated 
above. " 

The mode of evolution of the elements hypothecated in the attempt to 
co-ordinate the results of the spectroscopic study of stars and nebulss, 
seems to be supxjorted by amass of cumulative evidence (p. 1001), and to 
be inherently probable. It remains to find an adequate explanation to 
account for the vast stores of energy available in the hotter stars. Here 
again 'we are confronted with mystery profound (p. 149). 

The distribution of the elements. — ^The reasons for thinking that the 
supplies of radium are continually renewed turn on the facts : 

1. Badium and uranium always occur together, and the two elements 
are not sufiiciently common for this to be due to mere chance ; and 

2. The proportion of radium to uranium in the uraniferous minerals 
is almost invariable — 1 : 35,0(X),000. This approximate constancy is 
clearly the rc^sult of an equilibrium between production and decay. The 
supply*)! ra<iium is regulated by its relative rates of formation and degrada- 
tion ; and when tlie speeds of the opposing reactions are balanced, the 
ratio radium : uranium must be constant. It is interesting to observe 
in this connection that a very vsmall amount of helium is always found 
oeeiiK'k'd in urathferous minerals. Assuming that no helium escapes, the 
small amount found in a given rock .wiE-be'a measure of the time which 
has elapsed since the birth of that particular sample, but this gas must be 
constantly leaking into the atmosphere, and, consequently, the age ” 
so computed will & a mimmum age^f the 3iiineral,for tho' mineral may be 
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older, but, .not younger , than .the . age so computed* Hence, by ' determining 
the relative amounts, of nraniuna, and ■helium in a mineral, its minimum age 
can' be estimated* In this. way,. -Strutt estimated,. that it requires eleven 
million years to produce one c.o. of helium per gram of uranium* Lead 
also ha.s" been' detected'.in over forty uraniferouS' minerals ; and in. many 
of these cases lead does not occur near the uranium deposit. Hence it is 
considered unlikely that the lead has been deposited about the uranium by 
subterranean streams. The general notion is that lead is the “final” 
product of the degradation of uranium (p. 1029), in spite of the fact that the 
change is too slow to be observed directly, and the evidence veiy flimsy. 

We can now see a possible explanation for the “ inseparable companion- 
ship ” of many elements emphasized on p. 1002* The “occurrence” or 
“ distribution ” of the elements over the earth appears to be an effect of 
an important genetic law. The approximate uniform quantities of many 
of the rarer metals in different parts of the earth indicate that these ele- 
ments are degradation products of more complex elements ; and that they, 
in turn, will probably be degraded into simpler products. The relative 
speeds of these slow changes detennine the amount of each element which 
can be present on the earth at any given time. 

The student may very properly think that a modicum of fad is here 
entangled ivith an abnormal amount of speculation^ especially when it is 
remembered that the experiments have been made upon very minute 
quantities of material. At first sight, it does appear as if we have developed 
what A. Smitheils humorously called a chemistry of phantoms.” Thanks, 
however, to the extraordinary delicacy of the electrometer and of the 
spectroscope, there is no doubt about the facts, even though but extremely 
minute quantities of radium are available for experiments. The argument 
converges on the assumption that radioactivity is an atomic property ; 
this hypothesis, in turn, is mainly based on the indifference of the speed 
of radioactive changes to external conditions of temperature, pressure, etc. 
It is therefore pertinent to inquire into the validity of the alternative 
hypothesis, and ask : 

Are the radioactive elements ” really elements, or are they 
compounds containing helium? As already hinted, the dogma that 
radium is an clement is not so firmly established that there are no reason- 
able grounds for the exercise of some Cartesian doubt (p. 903), for, said 
E. W. Moriey (1909), he is wise whose assertions regard tlie possibility of 
finding at some time evidence to the contrary. E. Rutherford (1909) 
has said that “ since in a large number of cases the transformation of the 
atoms is accompanied by one or more charged atoms of helium, it is 
difficult to avoid the conclusion that the atoms of the radioactive elements 
are built up, in part at least, of helium atoms.” As an alternati\'e to 
Rutherford’s atom-disintegration hypothesis, and as a ooroliar^^^to the 
inference that the molecules of the argon-helium family ai’e realty poly- 
atomic (pp, 689, 694), R. Meldola (1903) suggested that the radioactive 
elements are really compounds, of an active form of helium in the same 
sense that nitrogen chloride may be said to contain the atomic or active 
form of nitrogen. Ordinary helium, like ordinary nitrogen, is character- 
ized by great chemical inactivity. . If this hypothesis be valid, it must be 
supported by a formidable list of unique hypotheses, for it must be assumed 
further that (1) the alleged compound — ^helide — is spontaneously decom* 
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posing ; (2) abnormally large amounts of ^ energy are, set .free... during .the ' 
dccoiiipositio,!! ; (3) the emission of radiations aceompanies the change ; 
(4) the speed of the decomposition is not affected by any known external 
conditions ; and (5) in opposition to a little circumstantial, evidence, that 
the heiiuin molecule is a complex: of atoms, and, not monatomic. , Other- 
wke, adds H. E. A,rmstroiig f 1913)'; the decomposition of radium regarded 
as a compound of atomic helium is no more remarkable than that of liquid 
ozone, or of nitrogen chloride ! , Armstrong continues ; 

T!ir atoms of helium and of the allied inert gases are gifted with intense 
far Ijeyond anything we know of ; it may well be thatwhen such atoms 
enter into combination, either with one another or with other elements, the 
amount of energy set free ,is very great, and. that' when they combine with' other,., 
materials, they may produce changes in properties very different irom and far 
more profound than those w’e know of at present. 

The piausibiiity of the heiide argument turns on this : The greater the 
amount of hyq^othetieal energy assumed to be required to break down 
the hypothetical heiide moleciiie into its supposed atoms, the greater the 
api^earance of probability of the argument that radioactive phenomena are 
chemical In kind. Questions like these have to be treated more by instinct 
(or prejudice) than by logic ; and those who do the work must use what 
hypotheses the}?' find most fruitful. 

H. S. Sheldon (1913) has emphasized the fact that the indifference of 
radioactive changes to temperature and other physical conditions must be 
a relative phenomenon, and a consequence of the limited range of our 
resources. The highest temperatures of our laboratories — 3000° — are 
feeble when contrasted with those ten times hotter, which prevail in the 
colossal furnaces revealed by stellar spectra of the hotter stars. Conse- 
qiiently, the indifference of radioactive changes to external conditions 
cannot be accepted as absolute. Suppose, he adds, that electricity were 
unknown and it was only possible to attain variations of temperatures of 
a few degrees in our laboratories, then a large number of so-called com- 
poiuids would be classed as elements, and the slow decomposition of many 
substances with the evolution of heat w^ouid appear as marvellous sources 
of energy, as unaccountable as radioactive changes are to-day. 

I 10. The Effect of the Discovery of Radioactivity on the Definitions 
of Element and Atom. 

We must fight against the soporific influence of sham definitions. Especially 
must w'c' guard against ever allowing them to be in the way of an inquiry 
inio facts.— -A. SiDawiOiC. 

Naturaliy, the student of chemistry may be somewhat disconcerted 
with {bis apparent attack on what appear to be the essential principles of 
chemistry outlined in the earlier part of this text-book. At first sight, it 
seems aslf we must say good-bye to the equations of chemistry,^’ because, 
if the truth about the suspected disruption of atoms be ever vindicated, it 
appears that the fundamental concepts — ^atom, element, persistence of 
weight, etc.— must be revised in order to make them describe the facts. 

The elements- — ^The conception of an element, given on p. 24, has 
long held an honoured place in chemical text-books ; and, with this before 
us, it ceitaiiily appears illogical t«^, apply, the term to a substance which 
can be resolved into two or more simpler farms, of matter. Any substance 
"■■'■"""2 
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which caa famish, two' or 'more -diferent eiemeats has certain.ly forfeited 
its place in the list of, elements* Some try to evaclo' the difficulty by 
assumingrfhat' there is an agreement among chemists , to recogni25e a sub- 
stance. as , an eiem,ent, which, ..under proper conditions, exhibits a spectmm 
showing...,.charaoteristie^ lines possessed by no other element, and possesses 
a definite combining weight. Of course, we are at liberty to change, our 
definitions, but, as W. Bancroft (1912) has' said, the only advantage of „tiie 
new definition is that it, enables chemists, to say that they have decomposed 
an element. S. Curie (1911) stated definitely that radium is not a com- 
pound of helium, but the only way she can make radium an element is 
by changing the old definition so that it shall include radium* The 
definition on p, , 25, , ho w^e,ver,: is-. elastic, enough. to cover cases... of trans- 
mutation, for, if an element containing but owe hind of nuitier siiSered an 
atomic cataclysm, it might furnish two or more difierent kinds of matter 
each of which is an element because it contains but one kind of matter. 
It wmild probably lead to clearer tMnking if a special term were invented. 
Eor example, some one has suggested that the elements foe called cfewmul 
primaries. We are always loath to multiply definitions, and -would much 
rather condense a number of definitions into one ; here, however,, there 
seems a special needier distinguishing terms. As already emphasized, the 
definition must not be taken to imply that the elements are absolutely 
immutable, although, so far as our present knowledge goes, they are both 
immutable, in ail chemical changes, and primitive. The isotopes of an 
element must also be regarded as different elements each having a 
characteristic atomic weight, rate of diffusion, specific gra-\dty, and other 
specific properties when we know more about them. 

The atoms. — ^Paradoxical as it may seem, the hypothesis that the atom 
of an element is a most intricate bit of mechanism, a complex aggregate 
of parts liable to disruption, is now generally accepted. This, however, 
does not affect the time-honoured definition of an atom indicated on p. 50. 
The atom still remains-a veritable unit indivisible in chemical reactions. 
Had the facts, speculations, and theories discussed in these concluding 
chapters been treated at the beginning of our study, that would not have 
altered our mode of presenting the facts of material chemistry. 

The law of persistence of weight. — Suppose an atomic commlsion 
or cataclysm were to occur so that the complex system of electrons winch 
is supposed to form an atom were to break up into simj)ler parts ; suppose 
further some of the electrons grouped themselves into helium, and the 
others into some other substance ; and let us also assume, for the moment, 
that some electrons simultaneously escape and are merged into the aether 
of space, it is then conceivable that there will be an apparent loss of weight. 
Consequently, while the law of persistenoe of weight holds good with cKe^nical 
reactions in which ike atoms remain intact^ it is quite conceivable that an 
apparent loss in weight might occur during a radioactive change (p. 20). 
If the products of the disintegration of the atom have mass, it might be 
inferred that the absolute mass still remains constant, although, if radium 
be an element, the invariability of mass or weight can no longer be referred 
back to the constancy of the.a-toip. This visionary phenomenon has been 
described in order to emphazise the need for care in building rigid^ 
nonpiastic concepts and definitions f^m negative results based on the 
uncontradicted experience of mankind, p. 134. 
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'§ 11. The Transmutation of the Metals— Alchemy. 

Would to GoclaH meii might become adepts in our art,' for then gold, the 
great idol', of mankind, would lose its value and we sho'nld prize it only 
foivits sciemtific teaching, — E. Philalethes :(c* 1623). 

Alchemy appears to have been a medieval system of philosophy,, and 
it sought, to demonstrate the validity of its doctrines concerning the cosmos 
by transmuting the baser metals into gold. The following' excerpts from 
alchemical mitings will perhaps make- clear their ideas on this subject : 

Gold is the most perfect of metals 'beoaixs-© in it 'Nature has .finished her work.— 
Bogeb Bacon (1214—1294'). 

The metals are all essentially identical, they dlfiex’ only in form. Form brings 
out the aoeidental causes wliich the experimenter must ti’y to discover and remove. 
—Albebots, Magnus (1193-1284). 

If by any reason the superfluous matter could be organically removed from 
the baser metals, they would become gold and silver. Our art only arrogates to 
itself the power of developing,^ through the removal of all defects and super- 
fluities, the golden nature which the baser metals possess.— E. Philalethes 
(c. 1623). ' 

The mystic gnome who laboured in order to q^uioken the growth of the 
metals in mines was a creature of the superstition of the childhood of man. 
The, perhaps, more philosophical alchemists believed that the perfecting 
of the metals occurred spontaneously in the “bowels of the earth,” and 
Pliny tells us that exhausted mines have been closed down to enable the 
metals to fructify, and so be again profitably worked in a few years’ time. 
They also believed that Nature aimed at the production of gold in mines, 
and that when she is hindered in her design, the so-called imperfect metals 
appeared. The Baser metals were hence called “ diseased gold ” ; mercury 
was “ ailing silver ” ; copper, iron, lead, and tin were “ lepers ” which, 
when cured of their leprosy, would become gold. The alchemists sought to 
find some means which would hasten the slow natural change so that the 
transiniitation could be conducted in a much shorter time. “It is this 
means,” said Roger Bacon, “ which the alchemists indifferently called the 
elixir, the philosopher’s stone,” etc. 

The alchemists 'tvrote in a language we do not now understand. They 
seem to have associated mystic extravagances with their operations, and 
to have described their processes in obscure ambiguous jargon, with the 
result that their readers were “ stunned,” as Boyle expressed it, “ with dark 
and cmj)ty words,” No wonder that J. Potanus (1520) complained that 
after travelling through many countries to examine the claims of the 
adepts, he found “ many deceivers, but no true philosophers ” ; and N* 
Lemen^ (1675) that “ they professed an art the beginning of which was 
deceit, the progress of which was falsehood, and the end beggary.” 
Alchemy thus fell into disrepute, for it seemed as if its claims could be 
established only by chicanery and fraud. Some . of the more honest 
believers explained their failure by asserting that “ the art of making gold 
Is l)eyond. the reach of human capacity, and it is made known by God to 
those alone whom He favours, and who are called adepts.” The majority 
of alchemists, however, did seek to make gold, cheaply with the sole object 
of gaining “ untold wealth.” Faille or delusion was inevitable. Accoxd- 
ingl}^ the alchemist often misrepresented the truth and degenerated into 
a charlatan and impostor, pretending'; with v vulgar frauds, that he had 
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succeMed..^' in order/’ says' M. M. F. Muir,, “'that liO' in.iglit' really make 
gold by cheating other people,” or else gain notoriety. 

Theodea of' transmutation' appears to have come from the Egyptians 
andEhaldeans, but its real origin is lost in remote antiquity. ,M. . Bertheiot 
(1885) considers that the idea did not originate from the phiiosophical 
views of the ancients on the unity of matter as is stated above, but rather 
from the attempts of the goldsmiths to make fraudulent substitutes lor the 
precious metals. 

It is easy to understand how the belief that the base metals could be 
converted into gold dominated ancient and medieval chemistry. Facts 
were cited in its favour. The production of beads of silver and gold by 
the cupeilation of metallic lead, and the reduction of metallic ores furnished 
direct evidence of the metamorphosis of the metals. Again, iron iiterisils 
in copper mines became coated with red copper when left in contact with 
the “ mine water,” so that the iron was seemingly transmuted into copper ; 
similarly, the formation of wMte and yellow alloys by mixing copper and 
certain earths, seemed with the then imperfect knowledge, ample proof 
of transmutation. The dogma of transmutation thus appeared eminently 
plausible ; it ran counter to no known laws of nature ; it rested upon no 
extravagant assumptions ; and it was sanctioned by the highest authorities. 
The immense labour which must have been expended in the fruitless 
pursuit of this chemical chimera by the alchemists is appalling. The quest 
was virtuaEy abandoned with the advent of Lavoisier’s balance. 

I. Remsen (1903) has emphasized the fact that the alchemists were 
the working chemists of their day, and that they laid the foundations of 
experimental science. He further develops the idea that there is a life 
after the death of a good doctrine. The phlogiston theory lived in the 
form of the modern doctrine of free energy, and the idea that there is a 
relationship between the elements is what Remsen calls the spiritual part 
of alchemy which lives though alchemy is dead. 

The alchemist’s dream of transmutation is little if any nearer realiza- 
tion to-day than it was a thousand years ago, for no one has yet really 
succeeded in transmuting one chemical element into another other than 
by speculative argument. There is no unimpeachable evidence of a 
single transmutation of one element into another pre-determined by 
man. In the words of S, Curie (1912) : on ne pent considerer qu’il y a pas 
encore actueliement de raisons suffisantes pour admettre que ia formation 
de certains elements puisse etre provoquee a volonte en presence de corps 
radioactifs.” True enough, a few radioactive elements — ^radium, actinium, 
polonium, uranium, and thorium — ^seem to have been discovered in nature, 
and they are usually stated to be changing spontaneously from one ele- 
mental form to another • but no process known to man is able to accelerate 
or retard, stop or start the metamorphosis. No element has yet been 
broken down into a simpler substance by a process eontroHable by man, 
“ Nature to be conquered must be obeyed ” (Francis Bacon). 

The alleged transmutation of copper into lithium and sodium by A. T. 
Cameron and W. Bamsay (1908) has been denied by S. Curie and Gleditsch (1908) 
and by E, P, Perman (1908)*^the lithium and sodium were derived from tb.o 
vessels used in the work ; the production of neon from radium emanation by 
W. Bamsay (1907) and W, Bamsay and A, T, Cameron (1908) has been denied 
by E. Rutherford and T. Boyds (1908) — the neon was derived from the air which 
had not been excluded from the apparatus j and the formation of carbon dio^dde 
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by til© action of radium emanations ' on solutions of thorium and zirconium by 
W. Ramsay and F,.L. Usher (1909) has been called in, question by ,E. Rutherford 
p913) the carbon appears to have been derived from the grease used in lubricat- 
ing the stopcocks. The alleged transmutation of hydrogen into- neon, by, W. 
Ramsay (1913) and J. N. Collie and H. Patterson (1913), by the action of a stream 
of .cathode rays on hydingen is considered by J. J. Thompson . ( l913) to be;a mai- ' ' 
inferemce, since the neon is thought to be derived from that originally occluded by 
the electrodes, or glavSS vessel, and which is expelled by the bombardment of the 
cathode rays, but which cannot be removed by the mere application of heat. 
R. J, Strutt (1914) and T, R. Merton (1914) could not verify the alleged conversion 
of hydrogen into neon. 

The last paragraph but one may want modifying some day. E. E;iither- 
ford counted the number of scintillations per second produced by the 
a- rays from a given source on a zinc sulphide screen in vacuo, and then 
introduced dried carbon dioxide ; the number of scintillations per second 
deGreasecl m accord with the known stopping power of that gas ; when 
nitrogen was introduced the number of scintillations per second increased. 
It was therefore inferred that the nitrogen atom is disrupted by being 
bombarded with a-rays, and that one product of the action is a swiftly- 
impelied hydrogen atom. The deduction was confirmed by estimates 
of the mass from the magnetic deflection of the particles. E. Rutherford 
further estimated that in the case of nitrogen only one a-particle in 300,000 
succeeds in getting near enough to the nucleus to liberate a swift nitrogen 
atom with sufficient velocity for it to be detected ; and if the entire a- 
radiation of a gi*am of radium were absorbed by nitrogen, it would generate 
about 0*0000005 o.c. of hydrogen per year. He added : It may be possible 
that the collision of an a-partiole is effective in liberating hydrogen from 
the nucleus without necessarily giving it sufficient velocity to be detected 
by scintillations. If this should prove the case, the amount of disintegra- 
tion may be much greater than this estimate. It would be a bold chemist 
who would claim to be able to clean bis products free from hydrogen or 
its compounds to anylliing approaching the implied degree of purity. 
E. Rutherford and J. Chadwick, however, stated that while bombarding 
a-particles have a range of 7 cm- the swiftly-moving hydrogen atoms 
obtained from hydrogen gas and hydrogen compounds have a maximum 
range of 29 cm. in air, while those from nitrogen have a range of 40 cm. 
This is taken as evidence that the swiftly-moving particles cannot arise 
from the contamination of nitrogen with hydrogen. They also found 
that the long-range hydrogen particles were furnished by fluorine, alu- 
minium, phosphorus, boron, and sodium.; but the numbers fxom the 
last two elements were less than from the other three. The following 
elements were bombarded, but very little if any effect was observed : 
lithium, beryllium, carbon, oxygen, magnesium, silicon, sulphur, chlorine, 
potassiium, calcium, titanium, manganese, iron, copper, tin and gold. 

Intra-atomic energy .-—The facts previously inicated show that not 
fat from 2,000,000,000 cals, of heat are evolved during the degradation 
of one gram of radium. This is a quarter of a million times greater than 
is evolved by the combustion of a similar weight of coal. Hence it is 
inferi’ed, from the atomic disintegration hypothesis of radioactivity, 
that the atoms of the radioactive elements, and probably also of other 
elements, have tremendous stores, of potential energy, far greater than is 
developed during ordinary chemical reactions. The rate of degradation, 
of the energy of the radioactive :^lements is comparatively slow, and is 
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not available for doing, useful work. - The .rate of evolution' cannot be 
influenced by any known conditions and:, consequently . the. transmutation 
of the elements involves the discovery of methods of controlling the.se 
tremendous supplies of energy., tTust as' the application of, a large quantity 
of electricax energy concentrated at the ends of a pair of platinuin wires 
enabled H, Davy (1808) to decompose the alkalis^ so W. Ostwald, W. 
Ramsay, and others infer : if ever one stable element is trmimniUed into 
another element, a large qwmtity of energy in a Jiighly conmitrated condition 
will be required* This is quite in harmony with the alleged dissociation of 
the elements in the hotter stars (q^v*) where but a few elements are present, 
and where the temperature has been estimated at 25,000®; The 3000 
4000® obtained in some electrical furnaces appear but piiiiy in comparison 
with the tremendous natural powers present in the hotter stars — in 449. 

It has been pointed out that the formation of, say, gold from a metal 
atonncaliy lighter, say tin, would require the expenditure of so much 
energy that even if the transformation were accomplished, it could not be 
a successful commercial process for the production of gold. On the other 
hand, the formation of gold from an atomically heavier metal, say lead, 
would liberate such an enormous amount of energy that the gold would be 
but an insignificant by-product, for the energy liberated during the 'pmGem 
would have an enormously greater value than the metal. 

§ 12. The Creation and Annihilation of Matter* 

Even if w© resolve all matter into one kind, that kind ^vill need explaining 
And so on for ever and ever deeper and deeper into the pit at whose bottom 
truth lies, without ever reaching it. Eor the pit is bottomless. — O, Heavi- 

SIDE.' " ■ ■ ■ ' ' ■ ■ 

Things wliich are seen were not made of things which do appear. — S t. Favu 

^ther ia the parent of all things.— L ucbetius (c. 60 B.c.). 

In mechanics, the definition of matter is based upon Newton’s first law 
of motion — ^the law of inertia — ^where matter is defined as that wbich 
requires the expenditure of an external force to change its state of motion. 
Otherwise expressed, inertia, or helplessness, is a characteristic of every 
form of matter. No material thing can of itself change its owm state of 
motion, for an external influence is required before such a change can 
take place. If it be admitted that any entity which requires the applica- 
tion of a force before it can change its state of motion is said to be a 
form of matter, an electron in motion must be a form of matter, because 
it requires the application of a force to change its state of motion. 

The inertia of matter. — ^TMs definition is also reversed, and force is 
defined to be that influence which is required to change the velocity 
of any material body, and it is measured in terms of the dyne as unit. 
A dyne is that force which applied to a mass of one gram during one second 
imparts to it a velocity of one centimetre per second, or which changes the 
velocity of the body one centimetre per second when acting for one second. 
These ideas can be expressed in another form. The inertia of a body is that 
property of matter which resists change of motion, and it is measured in 
terms of the force required to produce a change of one centimetre per 
second in the v eloeity of the body.. Accordingly, when the action of a farce 
on tiM bodies ft oduces the same change of velocity per secondi their inertim 
are said to be equal* . . 

-The,m^s of mater.’— A .%dy , from a height down to the 
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eartii’s stiiiaee— ?*» so as not 40 be influenced by the resistance of tlie 

air-— gains in %’’eIocity, say, ^ cm. per second in each second. If tbe mass of 
tiie body bo then tbe force puliing that body down will be, ineasur od by 
the 'product fm/.: This is the weight of a body; hence the we,iglit of a body is 
(/ times its mass. The weight w of a body measures the force by which it is' 
attracted to the earth's surface, whereas mass refers to the^ quantity of 
matter m in a body, and is independent of gravitation or weight. Experi- 
ments liave s'hown that all material bodies have the same numerical value 
for (/, namely, 981 cm, per second when acting for one second (latitude 45"^, 
and at sea'Ievel). Accordingly, w == 981m ; or the weight of one gram of' 
matter is 981 dynes ; or the weight of a body is 981 times its mass ; or the 
mass of a body is Tj lT weight— under standard conditions. The 

masses of two bodies in the same place must therefore be proportional to 
their weights. If m the same locality the action of gravity on Uoo lodies 
produces the same change of velocity per second, their masses are said to he 
equal Tills conclusion is in harmony with that deduced in the preceding 
paragraph, and, accordingly, it has been inferred that mass and inertia 
are Identical ; meaning that the definitions of inertia and of mass, in the 
nomenclature of mechanics, are not mutually exclusive. 

Electromagnetic mass. — When charges of electricity are set in motion, 
they act like electric currents, and set up magnetic fields which oppose 
the motion— Lenz's iaw'. Motion against the induction effects requires an 
expenditure of energy, and therefore a moving charged particle wdll appear 
to have an added electromagnetic inertia in virtue of its constituent 
charges. This added inertia will be proportional to the total electrical 
energy of the charges. H. Kaufmann (1906) measured the value of the 
numerical ratio elm, where e represents the electric charge, and m the inertia 
or the mass, for electrons travelling at different speeds, and found— 

Velocity X . . 2-83, 2*72, 2-o9, 2-48, 2»36 uniis. 

c/m X 10-1^ . . 0’63, 0*77, 0*97, i'17, 1*31 units. 

Hence, either the value of m increases or the charge e decreases with in- 
creasing velocity, for the greater the velocity the smaller the numerical 
value of the ratio of the electric charge to the mass. Eightly or wrongly, 
it is assumed that the charge on the particles remains constant and in- 
variable, and accordingly, it follows that the (electromagnetic) mass of the 
electrons is not constant, but increases rapidly as the velocity is augmented. 
Further, if any part of the mass of an electron is ordinary mechanical mass, 
it must be very small in comparison with that which is of electrical origin, 
since the electrical inertia of a body depends upon its velocity and 
ax^proaches infinity when the velocity of the body approaches that of light. 
Tills variation in the apparent inertia or mass of a body is the same as if the 
electrical mass existed alone, and the material mass were virtually zero. 
Consequently it has been inferred that (1) the electrons do not possess a 
material mass in the ordinary sense of the word ; and (2) the electrons have 
no mass other than that which is derived from their motion and electrical 
charge. li the real mass of an atom, is the sum of the positive and negative 
eieetroiis, and the latter have no material mass, it might be inferred that 
the positive electrons or^ the mass of 'an -atom would still remain a constant. 
H. A. Lorentz, however, has shown that in all probability the masses of 
all particles wi.ll be affected by |heir\ translational velocity to the; same 
degree as the electromagnetic mass of the -electrons. 
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'../Again, it is ■ assumed that- electricity is a phenomenon of the setlier 
and that the atom is built, entirely of electrons ; consequently, as J. ■ Lariiior 
(1900): expressed.it': atomS/are .forms of sethereal strain, or the materia! 
atom„is' formed entirely of aether, and has .no, 'material 'siibstratiiin. 
Further, the electrons are supposed to- be m.inute electrifi.ed strains, scjuirts,, 
yortices, .swirls,- eddies, or whirlpools' in the mther. . The intangible, im- 
ponderable, ali-pervading sether is supposed to be susceptible to the solici- 
tations of gravity, as ' matter, ■ only when it is stirred -into innumerable 
swirls, which are held together by powerful cohesive forces. Hence, it is 
said : mtlief is the mother of matter ; for in the aether — 

Wi’apt in mystic silences and glooms, 

The slumb’ring secrets of creation lie. 

Some even claim to have created material atoms from immaterial sether, but 
the claims are somewhat questionable. The stages in the alleged genesis 
and destruction of matter can thus be symbolized : 

' Material Immaterial 

Matter en masse Molecules ^ Atoms ^Electrons iEtlier. 

Dematerialization of matter ^ Materialization of a.ther. 

When, therefore, it is assumed that material electrons have been resolved 
into primitive sether by relieving the strains, or stiUing the swirls, it is at 
the same time assumed that matter can be deprived of cosmieai existence, 
and transmogrified into Nirvanian nothingness. Wuth the anniMation 
of ponderable matter, the law of the conservation of matter disappears, 
and apparently the only constant in the universe is nothingness 1 

The argument turns on the nature of the electrons and of the sether. 
The sether is assumed to be immaterial, or, as Pythagoras (c. 509 b.c.) 
expressed it, “ a celestial substance free from all perceptible matter.” 
As a matter of fact, the setherial plenum cannot be compared wdth any 
known thing. It is utterly beyond the range of our sense perceptions, 
and as G. le Bon (1907) has said, we are related to the sether much as a 
man born deaf is related to music, or a man born blind is related to colour ; 
accordingly, no analogy can make such men understand what is a sound 
or a colour. In the words of T. A. Edison (1893) : “ As for the eether which 
speculative science supposes to exist, I know nothing about it.” 

§ 13. Thomson’s Corpuscular or Electronic Hypothesis of Matter* 

If wc be curious to know what matter is, we plunge at once into that deep 
which surrounds us on every side, and which never yet "wm fathomed by 
human intellect. — J. F. Daniell. 

Liability to error is the price we have to pay for forward movement. — A. 
Sidgwick:. ,, 

Ho difference other than velocity of translatory motion has been 
detected in the properties of negative electrons when produced in many 
different ways, and from many different gases ; and since the mass of 
a negative electron (corpuscle) is less than that of any known atom, the 
corpuscle must be a constituent of , many different substances ; and the 
atoms of these substances consequently must have something in common. 
This suggests the idea that the atoms of the chemical elements arc built 
of simpler components, the eleotrqhs Jiave thus been regarded as the 
«fftimate sub-atoms or , the TJrafmmn of which matter is essentially 
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composed. . Since the electron is a constituent ' of, ato.ms, ,J. j. Thomson 
considers that ^ it is natural to regard the electron as a constituent of 
the primordial system.” J. J. Thomson’s ■ electronic theory of matter 
is .one of the unitary theories of matter. It assumes that .each .atom of 
any element consists of a large number of electrons, all electrified 
negatively, and held together by positive electricity equivalent in amount 
, to the sum of the negative charges of all the electrons so as to produce 
an electrically neutral atom. Thomson also accepts the atom-disintegra- 
' , tioii hypothesis of radioactivity. 

The distribution of a number of negatively charged particles in a 
sphere of uniform density has been investigated mathematically by d. J. 
Thomson (1904), Five is the greatest number of electrons which can 
be in equilibrium in a single ring. But if other electrons be placed within 
I the ring, a larger number can be maintained in equilibrium in one ring, 

^ Thus a ring containing six electrons would not alone be stable, but if a 

’‘V seventh electron be placed within the hexoidal unstable ring, the system 

will become stable. A greater number of electrons will arrange themselves 
in series of concentric rings. 

Mayer’s fioating magnets. — ^The idea was neatly demonstrated by 
repeating an old experiment due to A. M. Mayer (1878-9). Small uni- 
magnetized needles were thrust through discs of cork, and floated 
^ on water so that the negative poles of ail the needles floated above the 

surface of the water while the positive poles 
%vere submerged. These needles arrange 
themselves like J. J. Thomson’s imaginary 
corpuscles when a positively charged mag- 
netic pole is suspended a little above the 
* surface of the w'ater. The diagram. Fig, 353, 

shows that a group of four needles arrange 
themselves in the water at tim four corners 
of a square ; if another needle be thrown 
into the water, the five needles take up 
f positions at the corners of a pentagon; if 

another needle be throwm in, five needles 
form a pentagon as before, but the sixth 
" needle goes to the centre of the pentagon ; 

if anotiier needle be introduced, six arrange Fru. 353. — ^Mayer’s Floating 
themselves at the corners of a hexagon, and Magnets, 

the remaining needle goes to the centre. 

Thus, a ring of six needles is unstable if hollow, hut it is stable when 
another is placed inside. This is an important principle in the formation 
of sfabie systems of negatively charged electrons. It is obvious that for 
stable equilibrium the structure must he substantial ; a system with a large 
number of electrons on the outside^ and none within, will be unstable. 

There are important differences between Mayer’s floating magnets, 
! Thomson’s systems of concentric rings of corpuscles, and the corpuscles 

in a real atom, because the tw’o former are supposed to move in one plane 
(as on the surface of the water), whereas the constituent corpuscles of an 
^ atom could no doubt move in any direction in space ; and the conditions 

of stability of systems of electric^ly . charged corpuscles must be altogether 
different from those obtaining in Mayer’s. -experiment* ■ - '■ ■ 

. ' V. '2 L 2 
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The architecture of the atom. — ^According to Lord Kcdvia's hypo- 
thesis (19U2) each atom is a remarkable consteilatioii of electrons ranged in 
a sj'-stem of concentric rings all assembled witiiiu a s|>h.ere of uniform 
positive electrification. Although the mass of the negative electron seems 
to be of that of the hydrogen atom, it cannot be assumed that the 
hydrogen atom contains about 1700 negative electrons, unless the mass ol 
the positive electron be ignored. The sm’face of the irnaginaiy sphere may 
be regarded as the limiting surface of the atom. The electrons are further 
assumed to be in rapid orbital motion about the centre of tlteHspliere, and 
they are therefore di’iven outwards by a definite centrifugal force. They 
are subject to the mutual repulsion of the negative electrons and the 
attraction of the total positive charge. Positive electricity never appears 
apart from matter, so that it is always associated with the atom itself. 
Some very interesting investigations have recently been made on the 
nature of the positive electrons. In order to explain spectral phenomena, 
Nagaoka (1904) assumed that the positive charge is concentrated at a 
point in the centre of tlie atom, and the charge is not then uniformly 
distributed over the sphere. As H. Poincare expressed the idea : “ The 
neutral atom may be considered to be composed of an iniino^'abie principle 
portion positively charged round which move, like satellites round a 
planet, several negative electrons of very inferior mass.” Fig. 354 gives 
but a crude notion of what is meant by concentric rings of corpuscles in 
rapid orbital motion about a central positively charged electron. The atom 
has thus been compared with the planet Saturn and its rings. This 

intricate mechanism is sui>posed to 
represent the inner structure of the 
chemist’s''"' atom.,'"' '■ The'' ■ 'atoms, in turn, 
are supposed' to ''be' disposed in the.'inole- 
cule.'iii' 'an "analogo'us^; 'manner, Conse-.' 
quentlyf ”■ the , , relation , of : the ', 'electrons 
■to the; whole, moiecuie must ' .be some'" 

. what 'complex, , The apparent hardness, 
and impenetrability of Ifae atom, ho 
well ' ■■ emphasixsed ; ' l>y ,, .Newton,' ’ ' p. ' ' 47", 
BOW appears to be a kind of gyro- 
static equilibrium due to the rapidity 
of motion ''ol":..,t.he eO'm'pottent,..''eIe'e,t'rohs*' 
We are told that a soft %vax candle 
fired from a gun can be shot through a deal board, and that tlie speed 
of the jets of water in hydraulic mining in California was so great that 
a man could not strike an axe into the water which had just ieff the 
nozzle. It is quite possible therefore that an atom may appear to be rigid 
owing to the raxnd motion of the constituent electrons. “ Hardness^” it is 
said, “ is merely softness in rapid motion.” 

The Saturnian atom.— On© reason ,for postulating the Baturrfian atom as a 
basis for investigation is rather interesting. J. Plateau spun little spheres of oil 
in a mixture of alcohol and water so that they rotated while suspended in the liquid. 
Buring tlieir rotation, the Bttk spheres flattened at their poles and bulged at 
their equators. When the speed of rotation of a sphere is great enougii, rings of 
oil were thrown off. The rings broke and coalesced to form little spherules which 
rotated on their own axes and revolved rbundPth© parent sphere. This remarkable 
experiment has been used for illustraiting a possible mode of formation of a Bolar 



Fig. 3o4.— Diagrammatic Bepresen- 
tation of an early Form of the 
Corpuscular Ring Hypothesis of 
the Constitution of an Atom. 
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system like ours from a contracting spinning Miebula,. The Saturnian atom is 
supposed to be the figure of equilibrium of a mass of rotating electrons in a sphere 
of positive electrification. It js not difficult to understand how,' the .‘^figure of 
oqiiilibrium j ' of a rotciting fluid 'cannot be spherical, . for gravity' is .progressively 
neutralized in passing froni. the axes of rotation (the. poles) towards the':,equator, 
where the nia.ss is specifically lighter. ^The faster the spin, the more obi ate ^ the 
spheroid, and _ in the ext^reme case, with an increasing speed of .gyi’atioii, the 
splieroid must become either a flattened disc, or else, at some critical velocity, there 
must .be an intemiption. in the p.rocess of flattening, and the spheroid must alter 
fundamentally in shape or break into pieces. ' H-, Poincare .(IS86), Q. H. .Darwin 
{I87fl""81), and J. H. deans (1904) have investigated the subject methematically. 

..Rutherford’s atom.'— E. Biitherford showed that when the. ct’^partieles. 
approach the nucleus, of an atom, their paths : are., deflected:. tom, the 
rectilinear course. This can be illustrated by Fig. 355. The positively 
charged a'particles are supposed to be travelling from left to right in the 
vicinity of tlio positively charged nucleus of an atom, 4", the repulsive 
c fleets ])Toduce a scattaring of the rays as indicated diagrammatioaliy by 
the arrows in the diagram. In order to explain the scattering of the a-iaya 
by matter, E. Eutherford (1911) assumed that the atom contains (i) a 
massive nucleus no larger than cm, in diameter and charged ivith 

positive electricity, (ii) A cluster of negative electrons revolving about 
the central nucleus in orbital motion, (iii) An outer group containing but 
a few electrons rotating about the inner group and which are much less 
rigidly attached to the atom. To ex- 
plain why the physical and chemical 
properties of the atom do not go 
hand in hand vdth X-ray and y-ray 
phenomena, it is further assumed that 
(a) the outer group of electrons are 
responsible for the physical and chemi- 
cal properties of the atom ; that (6) 
the inner group determines the phe- 
nomena associated with radioactivity ; 
and that (c) the positive nucleus mainly 
determines the mass of the atom, while 
the groups of negative electrons are 
but a small multiple of the atomic 
W'eight. Hence, the inner group can 
bo called fixed electrons ; and the 
outer group, valency or mobile elec- 
trons. ' Mosely’s atomic number is supposed to represent the number of 
positive charges or free protons which are concentrated at the centre of 
the atom. Each atom being neutral has the same number of negative 
ciiarges or electrons. Thus the oxygen atom has 8 of each ; nitrogen, 7 ; 
carbon, 6 ; etc. N. Bohr (1913) has applied the quantum theory of 
radiation (p. 700) to Eutherford’s model atom to calculate the size of 
the atom, and to explain the series of lines found in the spectra of some 
(‘loments. Tiie results deduced from the mathematical theory based on 
Faitherford’s atom have been very encouraging. 

.T. W. Nicholson (1014) baa extended Bohr -s: work. He oalculated the possible 
spectral lines of nelmlram, and found that his theory did not aceotmt for two of 
tile linos which had been recorded foi^ this element in the spectra of the nebulfle. 
Wolf of Heidelberg later found that these two- lines in the spectrum of the rmg 
xmhuU in had a diflerent. origin tom the tto nebulium lines | ' Nicholson also 
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predicted the existence of a, new rxebuHum line not previously noticed^ which 
Wright of the Lick Observatory found on 'photographic plates takerx years pre- 
viously, but which was so faint that it escaped notice. 

. The periodic law.— Ever since J. B. Bunias (1851) wrote , 

Every chemical ' compound' forms a complete whole. Its cliemical nature 
depends primarily bn the arrangement and number of the constituent atoms, and 
to a less degree on their chemical nature, 

it has been considered a fundamental principle in chemistry that sub- 
stances similarly constituted' have similar properties. If stable aggregates 
of electrons are similarly constituted, their properties, within eeitain 
limitations, will be similar even though the atomic weights be different. 
In W. Kossei’s modification of J. J. Thomson’s ring system, the two- 
and eight-ring systems are assumed to be the most stable, and while the 
outer ring of electrons determines the valency of the atom, the inner stable 
rings determine the characteristic properties of the element. The first 
series in the periodic table has an inner ring with two electrons and an outer 


Mdm llectrm 

CBO 


iledjw Jludem EUctrm 

o:':*3D 


Electron 

o: 


•fc- 


Elictron 


Fig. S56, — Neutral Fig, 357, — ^Negatively Fig. 358. — Neutral Helium Atom. 

Hydrogen Atom Charged Hydrogen 

(Diagrammatic). Atom. 

ring with from zero to seven electrons, the addition of one more electron to 
the outer ring makes a stable ring from which no more electrons can escape ; 
First series .(2) (2)1 (2)2 (2)3 (2)4 (2)5 (2)6 (2)7 

Second series . (2,8) (2,8)1 (2,8)2 (2,8)3 (2,8)4 (2,8)5 (2,8)6 (2,8)7 

Third series . (2,8,8) (2,8,8) 1 (2, 8, 8)2 (2, 8, 8)3 (2, 8, 8)4 (2,8,8)5 (2, 8,8)6 (2, 8, 8)7 

Hence when the elements are arranged in the order of increasing mass, there 

is a certain similarity in the grouping at certain intervals. Thus, the pro- 
perties connected with a two-ring group can only recur at intervals ; 
similarly with more complete systems. Hence, can divide the various 
groups of electrons into families such that any one family is derived from 
the preceding members by the addition of another ring of eight electrons. 
This idea gives a rather definite conception of the meaning of the periodic 
law. A periodic law thus appears as a necessary consequence of the 
hypothesis that atoms are built of stable systems of concentric rings of 
electrons ; for obviously, certain rings of electrons recur ‘periodically tviih 
an increase in the number of electrons which make up the atom, and atoms 


/^aclejjs Electron 

Fig. 359. — Positively Charged 
HeUum Atom. 

with related rings must possess xhany common properties in virtue of the 
similarity in the grouping ol some of % rings. Thus, J. J. Thomson has 
demomtrated that the spectra of such groups would be in many ways similar. 
v'v'.;'Thb calonlations. and the. -observations^ on the spectra of the elemente 


—— O — ^ 
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Fig. 360. — Neutral LitMum Atom. 
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inid'Or dilf croiit conditions show that tho neutral hydrogen atom is^ prohably 
constituted with one electron as depicted in Fig, 356, while the negatively 
charged atom .has another electron, Fig. 357. The neutral helium atom 
has 2 electrons, .and a doubly charged positive nucleus, Fig. 358 ; and the 
positively charged helium atom has one electron,. Fig. .359. . The neutral 
lithium atom .is. compounded of 3 electrons, with a triply charged positive 
nucleus, Fig. 360. N. Bohr’s arrangement of the electrons' in the. atoms of 
elem.mts of low at. ■wt.— from hydrogen to chromium-— is shown in Table 
LX VI. The iron-group occurs at the end of the third period of eight 


Table .LXYI,-— N. Bohe’s A.ebangement ' of: Electeons the Atoms of 
Elements of Low Atomic Weight. 


Atomic 

iiu,m.ber. 

Element. 

1st ring. 

2nd ring. 

3rd ring. 

4th ring. 

5th ring. 

1 

■ m: 

.Hydrogen 

1 



. „ 

— 

2: 

Helium . ... 

2 





3 

Lithium. . . . . ■ 

2 ■ 

1 

■ , 

, ■ 

— 

4 

'Beryllium . . . 

2 

2 

__ 





5 

Boron ... 

. 2 

3 

— 





6 

Carbon . . . . . 

2 

4 

■ ' 



, 7 

Nitrogen * , . 

4 

3 

— 

_ 


8 

Osy^gen . . ... 

4 

2 

2 



; 

9 

Fluorine . . . 

4 

4 

1 

— 

— 

10 

Neon ... 

8 

2 





',1,1' 

Sodium . . . , 

8 

2 

1 




■12 

Magnesium . 

8 

2 

2 

— 

— 

13 ' 

Aiuminiura . 

8 

2 

3 

— 


14 

Silicon .... 

8 

■■ ■ -2 . 

4. 

■ — 

""■■ — " 

15 

j Phosphorus . 

8 

4 

3 

— 

— 

16 

i Sulphur .... 

8 

4 

■ . 2 

2 

— 

17 

1 Chlorine .... 

8 

4 

4 

1 

— 

18 

1 Argon ■■ ; 

8 

8 

2 

' . j 


19 

Potassium 

8 

8 

2 

1 

— 

20 

Calcium - . . . , 

■ 8 ■ :i 

8 1 

2 

2 I 


2i 

Scandium . . . | 

■' .8 "i 

■'8 

1 ■■ 2 '. 



22 i 

Titanium .... 

■ 8 ■ 

■8 ■ 

I -2 

4 

, ■ 

23 

Vanadium 

1 ' . 8... 


\ 4 

3 

■■ 

24 

Chromium 

■^8 ■■■ 


4 

2 

2 


elements. Hero the elements of neighbouring groups show similar chemical 
properties, indicating that the configurations of the electrons in the 
elements of this group difier only in the arrangement of the inner electrons. 
After the iron group, the period is no longer 8 but 18, suggesting that the 
elements of higher at. wt. have a recurrent configuration of 18 electrons in 
the innermost ring. Such a ring would probably be unstable, and the 
electrons may be arranged in two parallel rings. The presence of the rare 
group indicates that an alteration of the innermost rings occurs. 
Ill tiie case of multivalent elements, it is posdble that electrons can move 
from the outer to an inner ring, so that multivalency corresponds with a 
kind of infra-atomic tautomerisgi. Thus, with univalent copper, the 
arrangement for the atoms could, be 2, 8, 8, 10, 1, while with bivalent copper 
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the arrangement could be.2, B, 8y 9, 2. ' /This recalls A. G-ruiiwald’s define 
tioiinf an atom (LS87,) : 

A cliemical atom is a complex of exceedingly many movable particles, wliicli 
' . ■ are elastic,, but so intimately connected together that no cliemical process which 

comes under our consideration is capable of severing this nnmn and breaking iho 
atom into fragments. The parts of the atom are not conceived of aa absolutely 
immutable any more than the atom itself, but as eapal^le v/itliin finite limits of 
undergoing modifications, .which have definite relations to tlieir mutual reactions. 

It will be observed that one oxygen atom is equivalent to the substance 
of 16 hydrogen atoms, for there are 8 free protons (-h charges) in the nncleusy 
and 8 electrons in the space outside, as well as either 8 hydrogen atoms or 
2 helium atoms packed into the nucleus. It requires the substance of 
4 hydrogen atoms to make 1 atom of iieiiuni, for there are 2 i‘:ree protons 
in the nucleus, 2 electrons outside, and 2 more liydrog(3ii atoms In the 
packing. The comparative weights of these atoms are oxygen Id, helium 
4, and hydrogen not i, but T008. The reason wdiy the relative weight 
of helium is not 4*032, and of oxygen, not 16*128, is explained l:)y assuming 
that when hydrogen is consolidated into helium, the fractional mass — 
about eight one-thousandths of each hydrogen atom — is transformed 
from matter into energy. 

The misfits in Mendelee:ff’s table.-— It is even possible to see how 
elements with similar properties may fall into the vi’ong group in 
MendeleeS's table if classed solely by their atomic weights. Starting from 
sodium in the scheme on p. 992, we can see^that if the elements are really 
formed by the aggregation condensation of electrons (p. 1014), the 
sodium atom might collect more electrons until, say, two difierejit stable 
systems capable of separate existence are formed. Thus, sodium, might 
furnish two subgroups — -potassium and copper. The- prope.i,'tie3 of an 
element are supposed to be determined by the structure of rings of electrons, 
and differences in the properties of members of the subgi’Oiips are due to 
the differences in the internal structure of the atoms altliough the atoms 
probably possess some rings in common. Each subgroup, ]>y a further 
condensation of electrons, forms the succeeding family members indicated 
in the vertical columns of the table. Consequently, it is quite true, in a 
general way, to say that the elements were evolved in tiie order of tlieir 
atomic weights, but they must also have evolved in groups down the 
vertical as well as along the horizontal lines. Hence, as J. Y. Loekyer 
observed (p. 1007), the elements do not always appear in the cooling stars 
in the order of their atomic weights. In virtue of this multiple growth 
hypothesis of A. C. and A. E. Jessup (1908), it is to be expected that in 
some cases an element in any particular group may contain more or less 
electrons, and hence have a slightly greater or less atomic weight" than 
adjacent elements in the next succeeding group. 

Working from an atom of the Rutherford typo, J. W. Nicholson (1014) has 
calculated spectral lines for vihratiiig electrons in systemH with un assumed atomir. 
number le, 2e, 4^, and 6e, correspohding with Moseley’s atomic number, and 

with the respective atomic weights' t 

’ ’Element . k b'fch', Nu • Pf Am 

■ Atomic number , y Je' ; f Zb 4e ' 6a 

Atomic weight . 0*082 /' 0*327 0*736 1^31 2*1 2*9 

The lines corresponding, with laieHst in tne spectra of nebuke and have been 
aiaaumed to belong to an unknown primitive element called 'PfQto^kydmgB}%^ Prhj 
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tlie lines coiTesponcling wifcli.2e are present rn'iiebnl^ andin Fova Perse! ; ^similarly 
faint lilies eorresponding with those computed for Beware fownd in nehul®; 4e 
Delongs to ndnuittiti'i Nu ; the lines for 5e have not been found in nehiilce, but 
tliose in the solar corona have been supposed to represent a non -terrestrial 
prolo-^fhiorine. Pi; the lines for 6e exist in the spectra of nebufe and have been 
supposed to represent an unloiowii element arco'nfitw ; Arc lines corresponding 
with 7e are also found in nebulaj, , 

Electronegative and electropositive characters. — -The majority of 
those working on the structure of the atom believe that the outer ring 
of the electrons determines the periodicity and valency of the atoms of the 
elements. C. A. Kraus argues as follows :■ The outer electrons are held 
ioos?ly and are able to move fi’om atom to atom. These electrons are 
very soTisitive to oiiamges in condition, such as temp., press., the presence 
oi; other atoms, etc. So weak is the bond uniting the electron to an atom, 
tliat more electronegative atoms may remove it from the original atom in 
qiieslion. The less tendency the metal has to retain its electron^ the more 
eleciropositive U beemnes, and the more readily does it in general react 
chemically. Ordinarily, the positive and negative constituents of a com- 
pound are held together through the medium of the electron. Under 
certain conditions, however, the electrostatic force acting between the 
metallic atom and its electron becomes weakened to such an extent that 
the negative constituent escapes, carrjdng the electron with it. The 
same result may be obtained at high temp, with the fused salt or even with 
the solid compound. That is when sodium and chlorine combine, the 
sodium atom gives up an electron to the atom of chlorine, and the atoms are 
thus held together by the electrostatic forces between the positively charged 
residue of the sodium atom and the negatively charged atom of chlorine. 
In a soln. of high dielectric constant such as water, these electrostatic 
forces are weakened to such an extent that ionization occurs resulting in 
the formation of Na' and GF ions. Katurally the properties of those ions 
are radically different from those of metallic Na and gaseous CI 2 as we 
know them. Consider the properties of the systems with a 2-electron ring 
on the inside, supposed, in W. KosseFs system, to be 

Ta Be B 0 F O F 

(2)1 (2)2 (2)3 (2)4 (2)5 (2)6 (2)7 

When the first member with three electrons is subjected to a small disturb- 
ance, an electron is detached from the outer ring. When one electron is 
lost, the residue has a positive charge, and behaves like a positively charged 
ion, that is, like an electropositive or basic element. The system with four 
electrons is more stable than the one with three, and it will not be so readily 
broken as the preceding. This means that this system will not be so basic 
as the preceding. Similarly the system with five electrons will be less 
basic than the one with four ; and six will be less basic again than five. 
In the six-electron^system, the stability is so great that there is little danger 
of losing electrons from the outer ring, and an electron could lie on the 
surface of the system without breaking a ring. In that case, the system 
would recede a negative charge and behave like an electronegative or 
acidic element. Hence, the electronegative elements may foe regarded 
as possessing neutral atoms with a tendency to absorfo negative electr ons 
from without, and electropositlys^elements are regarded as neutral atoms 
with a tendency to part with negative electrons. The electronegative 
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character, increases with increasing’ atomic weight until the s^^stem with 
..9 electrons is :reached. This corresponds with the fact that in Mendeleeff^s 
list of elements the- elec.tronegatiye property is practically zero, at the end 
with the alkali metals, and gradually becomes more marked with increasing 
atomic Weight until, at the halogen end, it attains its maximum value. 

Nuil-vaiency.— As just indicated in W. KosseFs ring system, modified 
from that of J. J. Thomson, it is assumed that the two- and eight-ring 
systems are the most stable. Such rings are not readily broken down. If 
an electron escaped from such a system the positively charged residue will 
attract surrounding electrons so that one wifi immediately dart back to it, 
and reform the original system electrons. The system so formed will 
break up as before and the same cycle of changes would be repeated ovc^r 
and over again. Hence the system W'ill not remain permanently charged ; 
directly it loses an electron another takes its place. Such an atom w-ould 
be unable to retain a positive or negative charge permanently ; and it 
would not be able to enter into chemical combination. Coiiseqxiently, it 
would behave like the members of the group of inert gases. 

Valency.' — ^The system with ten electrons resembles the one with three 
in respect to stability, etc., and the system with eleven resembles the one 
with four, and so on. The system of three electrons, with two electrons 
in the inner ring, will be most electropositive of the series. It can lose but 
one electron because, if it lost two, the residual one-electron system w’ould 
be unstable, and would immediately attract an electron. Hence, the 
three-electron system can lose one electron and form a system canying 
unit charge of positive electricity. This means that such a system is 
univalent. The four-electron system would not be so ready to part with 
electrons as the three-electron system, but it could afford to lose two 
electrons since it is not reduced to the unstable one-electron group until 
it has lost three electrons. The group with four electrons must therefore 
be bivalent. Against this, however, it must be remembered that j^ositive 
ray analysis shows that there is no relation between the number of electrons 
an atom can lose and the valency of the element ; thus the inert gas helium 
readily loses two electrons ; the argon atom can caiTy one, two, or three 
positive charges ; krypton, four ; etc. 

Chemical combination. — Suppose that we have an atom of the type 
(2,8)1 and one of the type (2,8)7 ; the former would be illustrated by an 
atom of sodium, and the latter by an atom of chlorine ; the former can lose 
one negative electron, and the latter can gain one, but not more than one. 
The electrons which escape from the sodium atom can find a home on the 
chlorine atom, and if an equivalent number of both be present, each of 
the sodium atoms will acquire a positive charge, and each of the chlorine 
atoms a negative charge. The oppositely electrified atoms wdll attract 
one another, and form a compound NaCl. When electropositive and 
electronegative atoms are brought into proximity, the former loses and the 
latter gains an electron, as a result, the former acquires a positive and the 
latter a negative charge; and the force of chemical affinity is the 
attraction exerted by the electropositive atom for the electron it 
has lost to the electronegative atom. )Similarly, if equivalent quanti- 
ties of atoms of the type (2,8)2 and (2,8)7 had been miked, and this would 
be illustrated by calcium and dfilorine ^oms, the atoms of calcium would 
each lose two negative charges, and each of the chlorine atoms would gain 
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one negative charge. Thus a neutral system would, be formed by the 
combiuai ion of two chlorine atoms with one calcium atom and CaCL would 
result. HeiicfN says Tlioinson, from this point of view a univalent dectro- 
|)fisitive atuiii is one which can lose one and only one electron to form 
ii staole system under conditions which prevail when ohemicarcombination 
k taking place. Similarly, miitatis mutandis^ with univalent electro- 
negative atoms, bivalent atoms, etc. Thus, the affinity of .an atom' 
depends upon the ease with which an electron can escape from or 
be received by the atom. This may be influenced by the conditions 
preumiling at the tinm chemical combination is taking place. If the atoms 
be di If used, in a good conducting medium it would be easier for a liberated 
eor]-)iiscle t(.) resist being pulled back to the original atom than if the atoms 
-were fliiTused in a non-conducting medium. Hence, the valency of an 
a-tom may I)c influenced by the physical conditions under which it is placed. 
The ability of an atom to enter into chemical combination depends 
upon its power of acquiring a charge of electricity. Thus chemical 
afliuily is electrical affinity, or, as H. Davy expressed it in 1819, “ electrical 
and chemical attractions are produced by the same cause acting in one case 
on particles, and in the other on masses.’* 

iliis can bo represented another way. If an electron on the outside of 
an atom is brought into contact with another atom in which is present an 
orbit requiring less energy to maintain the rotation of the electron, it will 
jump from the one to the other — ^that is, from the one requiring more to the 
one requiring less energy — so as to maintain the most permanent available 
condition. Each rotating electron, so to speak, endeavours to find the 
easiest job within its reach — the orbit which requires the least energy to 
maintain its motion. These jumps of the outside electrons from one atom 
or group of atoms to another constitute the whole of chemical phenomena. 
The jumps do not always occur from the higher to the lower potential, 
because energy may be supplied as heat or electricity, or in other guises. 
When an eleck’on passes from one orbit to another within the atom the 
difference in energy required to maintain it in the first orbit over that 
required to maintain it in the second is given off. This difference is 
aiwa 5 ^s tlie same ; it is the quantum of energy, e, of p. 700. 

Abegg's normal and contra valencies. — We have just seen that the 
(2,8) system can acquire one and only one positive charge by the loss of one 
negath-c electron ; but it is conceivable that additional negative electrons 
could be forced into the system so that the total number of electrons 
increase to (2,8)2, (2,8)3, . . . , (2,8)7 ; and at the same time the systems 
would become more and more stable. If an additional electron were 
forced into the (2,8)7-system, an unstable system with (2,8)8 electrons 
would be formed. Consequently, (2,8)7 is the greatest number of negative 
electrons which we can hope to force into the (2,8)-system to furnish a 
stal)Ie system wdth an electronegative valency of 7 — ^the electropositive 
valency'of the (2,S)l-system is one. Similarly, mutatis mutandis, with 
fclm other systems, and Thomson has tabulated the properties of the 
systems containing (2,8) to (2,8)7 electrons as follows : 

Number of electrons (2,8) {2,8)1 (2,8)2 , (2,8)3 :(2,8)4 (2,8)6 (2,8)6 (2,8)7 (2,8)8 

. \ "hi "4”^ 2 “"1 9 

Valency. . . * •( --4 +6 +9 4-7 4-8^ 




Electropositive., 


Electronegative. 
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Tills sequence of properties imitates that obserYed with the elements s 

He, Li, Be, B, 0, N, 0, E, No 
Ne, Na, Mg, Al,' Si, P, 'B,!!, A 

The hrst and last members of the .serieS' only are, nnll-valent ; the second 
set is univalent electropositive,, and the last but one iinivaleiit electro- 
negative ; the third is bivalent electropositive, and the last but two 
bivalent electronegative, etc. 

This recalls an observation of D. I. Mendeleeff to the' effect that ■ the 
sum of the maximum oxygen and hydrogen valencies of the elements.' in 
certain groups of the periodic series is equal to 8 ; c.g., 


BiO., 


PH 3 , 

PsOr. 


BH.,. 

SO3, 


CIH 

CiaO^ 


In ignorance of the number of electrons in successive rings, it is inferred 
that the number of mobile electrons in the outer ring cannot exceed eight, 
and this represents the greatest charge which has yet bee;! observed, the 
minimum is zero. It is further assumed that there is a tendency for these 
electrons in every atom to assume either the maximum or the minimum 
value. Thus, if an atom has five mobile electrons, it can either lose all five 
and acquire a positive valency of five, or it can attract tlireo more electrons 
from without, make its complement up to eight, and thus acquire a negative 
valency of three. Which of these two possible effects will take place, will 
depend upon the nature of the neighbouring atom. Thus, if a phosphorus 
atom be surrounded by hydrogen atoms, under the right conditions of 
temperature, etc,, its behaviour would correspond with its gaming three 
electrons, becoming electronegative, and forming PHg with a maximum 
valency of three ; on the other hand, if it be in contact with a strongly elec- 
tronegative element like chlorine, it appears to lose five electrons, become 
electropositive, and to form PCI 3 or PCI 3 with a maximum valency of five. 
Variable valency here meets a rational interpretation, for the w-hole of the 
available electrons need not be always removed together. The work done 
in removing a second electron must be greater than is involved in removing 
the first. So with phosphorus, the force exerted by the electronegative 
chlorine atom may suffice to drag three electrons from the phosphorus atom, 
but only when the conditions are favourable is it possible to di.^ag off 
another two. This does not explain the rarity of intermediate valencies 
between three and five. 

From purely chemical considerations, too, R. Abegg (1902-4) was led to 
assume that every element possesses a maximum valency of 8 made up 
of positive and negative components according as the element is acting 
as an electropositive or electronegative constituent of a compound. The 
two valencies of opposite polarity are called normal valencies and contra 
valencies. The normal valencies are supposed to be the stronger, and 
correspond "with the usually accepted maximum valencies of the elements. 
In the case of the metals the normal valencies are positive and the contra 
valencies negative ,* while in the case of the non-metals, the normal 


Normal valencies . 
Contra valencies. 


Na Mg . . Al' 


is positive. 

Thus : 


Bi 

P 

S 

Cl 



-2 

-1 

-4 

+5 

+ 6 
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‘I'litiSj cliioriiie is ttEwalent in HCi where it is-comlbiiied with electropositive' 
hydrogen; ^biit it, lias^ its ■ maximum septavalency when united with 
■electroiiegativii oxygen in, cMorine heptoxide. , A. Werner has also shown 
how ele,ri,ients have a different valency according as 'they are- united with 
electropositive or electronegative elements. -' The relative strengths of the 
two, .kinds of valency depend upon the nature of the associated atoms. 
The alkali metals are so strongly, electropositive that they show-^ little if 
.any sign of an electronegative valency ; - and fluorine appears to be too 
strongly eleotro'iiegative to show a positive, valency, for it forms no com- 
pound ^with .oxygen. When the conditions are such that the latent contra 
valencies , become operative, 'complex ^-molecular;” compounds may be 
fo.rmed.' '■ 

The fact that in a given family the elements with the greatest atomic 
volume are usually most electropositive and least electronegative, is 
taken to mean that ‘when two atoms of different sizes are in co.ntaot, the 
attraction of the smaller atom for the electrons in the larger atom is 
greater than the attraction of the larger atom for the electrons in the 
smaller, so that the resultant force will drag corpuscles from the larger to 
the smaller atom. Again, since the atomic volume increases with the 
atomic w’eight, the electropositive character of the elements in a given 
family increases with the atomic weight. Examples have been indicated 
in reviewing the different family groups of elements. 

Radioactivity.—Assuming that the atoms are built of systems of rotating 
rings of electrons, the configuration of a system of rotating rings of 
electrons is dependent not only upon the number, but also upon the energy 
of the speed of rotation of the rings. Four electrons, for instance, may 
arrange themselves at the corners of a square or a tetrahedron. If a four- 
square system of electrons be rotating faster than a certain critical value, 
they will be stable ; but if their velocity falls below the critical value, 
the arrangement wdll become unstable, and the electrons will suddenly 
arrange themselves in the form of a tetrahedron. Similarly, if a spinning 
top be rotating faster than its critical value, it will remain stable in a 
vertical position, but if the speed of rotation falls below this value, the top 
becomes unstable, and falls do%vn ; in doing so, it gives up a considerable 
ainouiit of energy. These analogies can be extended to complex groups of 
electrons, say a radium atom. Owing to the radiation of energy, the 
kinetic energy of the electrons is gradually reduced, and the velocity of 
the spinning rings of electrons must be slowly diminishing. When the 
velocity approaches the critical value, the configuration of The system may 
foe modiiiec.i, and this is accompanied by an increase in the rate at whidb. 
kinetic energ}’ is lost by the radiation. When the velocity reaches the 
crilical the configuration becomes unstable, an atomic cataclysm, 

or an atomic explosion occurs, and a number of electrons are detached from 
the original assemblage. In other words, the atom disintegrates and a part 
of till*/ atom is shot off to form two or more groups of electrons. This 
corresponds with the emission of a-rays and emanation from radium. As 
Ck li' Darwin (1905) expressed it, the Itos of electricity in motion proves 
that a commimity of electrons, as pictured by Thomson, must be radiating 
or loshig energy, and therefore the time must come when it will be run down 
m a clock does.' The aggregate yiU then spontaneously change into another 
system (or element) which needs less; 'energy than wm required m the 
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former state. If the-, atoms of the -emanation are built of electrons of the 
same type, ‘as the' original atom, the process may be repeated with the sub-. 
atoms,., and so, ..produce a series -of degradation products with a long or .a' 
short '.life,, , .This, shows that with atoms of ,a specialhind— e.^. high atomic 
weights— the gradual, reduction of the, kinetic e 2 ie.rgy of the electronic 
motion might produce instability within the atom. The rate of decrease of 
the kinetic energy' may take thousands of years before it reaches its critical 
value, or it may take place in a very short time. The atoms of the several 
elements thus represent different aggregates of electrons which have proved 
by their stability to be successM in the struggle of the elements for a 
separate existence. This recalls the saying of an old Greek writer : Eorms 
unsuited to their conditions must perish, and forms suited to their condi- 
tions are maintained. 

An enthusiastic wi’iter declares that “the corpuscular theory of 
Thomson has enabled chemists to explain the X3eriodio law, valency, 
chemical action, etc., in terms of known facts.” We are also told that 
more is known about the atom than about matter en masse. These are 
surely based on superficial views which are the result of confusing fact and 
fancy. The electronic model atom has but a remote analogy with the real 
atom. Analogy may be an invaluable aid to description, but it cannot 
ffove a single fact. Thomson quite recognized the inadequacy of his model 
atom, for he points out that the number of electrons corresponding with a 
particular property will, doubtless be different if the electrons are dis- 
tributed in three-dimensional space instead of in concentric rings. With 
aM its imperfections, this hypothesis throws a most interesting light on 
Mendeleeff’s series and on the possible nature of an atom ; though matter 
still remains an inscrutable and impenetrable mystery. We are still 
puzzled, for, as W. Crookes (1886) has said : “ The list of elements extends 
before us as stretched the wide Atlantic before the gaze of Columbus, 
mocking, taxmting, and murmuring strange riddles which no man has yet 
been able to solve.” Each forward step in our knowledge carries us back- 
wards to a vaguer and remoter past. 

§ 14. Electronic Hypotheses of Chemical Combination and Valency. 

Truth i3 the daughter of time. — F bancis Bacon. 

In recent years there has been a constantly growing tendency to apply 
the electronic theory to explain chemical phenomena. It is assumed that 
electricity has an atomic structure (p. 360), and is not continuous ; and 
that positive and negative units of electricity are associated as constituent 
parts of the chemical atom. Consequently, the association of atoms to 
form molecules involves an investigation of the structure of fields of force 
exerted on the outer surface of the atom. The different hypotheses usually 
take one of two forms : 

1. Every chemical bond between two atoms involves a transfer of one 
negative electron from one atom to the other, so that the one atom is 
charged positively and the other negatively— p. 361. 

2. If the electrons are actually displaced, J. Stark (1908) considers that 
some phenomenon resembling the selective absorption of light takes place, 
and that when the electrons return to the atom, a phenomenon resembling 
fluor^cent radiation occurs. 



EADIOACTIVITY 


1057 


Tlie atom can be regarded, as constituted of a positive nucleus, witb n 
electrons rotating ill orbits about a central umlmB-^ynmnimlhypotU^ 

€>.g, W. Kossel, N. Bohr, etc. ; or, the electrons may be confined to particu-' 
lar parts of the structiire—sto^tcaZ hypotheses^-e.g. G. K .Lewis, I. Langmuir, 
etc. ^ Theiormer are generally considered to he nearer;;the truth and are 
specially favoured by physicists. J. Larmor, for example, compared the 
atom with a clock, the outer electronic , shell being the pendulum, main- 
tained in continuous vibration by the energy of the core imparted through 
an unknown escapement mechanism which parcels out (quanta of energy. 

. (a) In one form of Stark’s hypothesis (’90S) the units of positive 
electricity are supposed to be situated on the surface of the atoms, not as 
uniformly charged zones, but rather concentrated at certain points, and 
the neutralizing electrons are assigned definite 
positions on the surfaces of the atoms. The 
negative electrons hold the positive atoms each 
to each., as illustrated diagrammatically in Fig. 

361, where the dotted lines represent tubes or 
lines of force. 

(5) In J. J. Thomson’s hypothesis (1914) the 
electric forces which keep the atoms together 
originate in a displacement of the positive and negative electricity in each 
atom ; and, as a result, each atom acts like an electric doublet and 
attracts another atom, much in the same way that two magnets attract 
..one another. ,, 

J. J. Thomson’s theory starts from the assumption that an atom is 
an aggregate of negative electrons with a sphere of positive electrification. 
The charges may or may not counterbalance one another, leaving the atom 
either electrically neutral or polarized, that is, charged with a surplus of 
positive or negative electricity. A pair of balanced charges is cafied an 
electric doublet, and W. Sutherland suggested the hypothesis that the 
peculiar force exerted by an atom is the same as if each atom carried an 
electric doublet whose moment is characteristic of the atom. Sutherland’s 
atoms therefore characterize compounds of the first class, but not the 
second. 

The field of electric force about the molecules of a compound. — 
From the known properties of electrified bodies, it is inferred that a field 
of electric force must envelop each atom no matter whether the opposite 
charges whoUy or partially counterbalance one another. Even an electric- 
ally neutral atom will have a field of force which (i) will not be uniformly 
distributed about the atom ; and which (ii) will probably diminish in 
intcgisity more rapidly than the inverse square of the distance. The field 
of force emanating from the charges in the atom will give rise to (a) intra- 
molecidar attractions whereby the charged atom affects the other atoms 
associated with it in the molecule but it wiH also give rise to (b) inter- 
moleetdar attractions because the field of force of an atom will also attract 
tlie atoms in other molecules, and so produce phenomena like the surface 
tension of liquids, latent heat of evaporation, cohesion of liquids and 
solids, etc. Accordingly, chemical compounds can be divided into two 
classes: 

I. Molecules with uncharged bV ifmitfdl atoms * — ^The individual atoms of 
the molecule are neutral, for the constituent atoms are charged with equal 



Fig. 361, 
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amoxiBts of ]x>sitwe aiid negative . there ^ is no surplus o? 

excess of the one kind over the other, ■ H 2 S 02 ^ Hos ^2? Clg* 00^ COo, 
GSo, OGI4, CJIg, N,A 

IL Polarized mokmleSi or molecules loith eharged aionis*--The. individua! 
atoms within the. molecules carry an excess of positive, or negative elec- 
tricity so that the,, .whole ,moleoule" is' charged, and, accordingly,', exerts 
larger forces upon the' atoms of neighbouring molecules than would be the 
case if the atoms were neutral ' The chemical reactivity, specific inductive 
capacity, surface tension, cohesion, tendency to form, molecular complexes, 
and other qualities of such' compounds are found to be highly developed, 
E.g. H.O, NH 3 , HCy, SO 2 , HOI, CH 3 OH, OgH^OH, CH 3 CI, etc, 

, The distribution , of the electric charges within the molecule,'— 
Each element has its own specific attraction for negative charges, thus, 
sodium exerts a le>9s attraction for negative charges than chlorine ; othfr« 
wise expressed, sodium is more electropOvSitivc than chlorine. IVitii carbon 
monoxide, although the opposite charges on the two atoms neutralize 
one another, yet the ox^j^gen has a greater attraction than carbon for a 
negative charge. Hence, a certain amount of work is available in the 
transfer of a negative charge from the atom in which the attraction is -^^-eak 
to an atom in which the attraction for the negative charge is strong. 
Accordingly, when a neutral electropositive atom is united with an electro- 
negative atom, the negative charge tries to pass from the former to the 


CO ' CO 



Fig, 363. — Cai'bon monoxide, Fig. 363,— The charging of a 

CO, With neutral atoms. Carbonyl, 00, radicle. 


latter and electrify it negatively. Why does not the transfer always take 
place ? Thomson assumes that electricity has an atomic structure, and 
must pass in definite units from one point to another, and therefore a 
whole charge must be transferred or none at all. He illustrates the action 
by diagram. Fig. 362. Each atom C and 0 carries a balanced positive 
and negative charge. The 0 is more electropositive than the G, and there 
is therefore a tendency for a negative charge to pass from the G to the 0 
atom ; but this tendency does not suffice to overcome the attraction of the 
positive charge carried by the 0 atom. This latter is diminished by bring- 
ing up another atom represented by the dotted line, Fig. 363. This helps 
the passage of the negative charge across to the 0 atom. Thus, the atv^ms 
of a compound may be uncharged when isolated, and yet become charged 
when the compound is in a liquid state, or when the atoms are combined 
to form more complex molecules. The term intramolecular ionization, 
by the way, is applied by J. J. Thomson to the process by which tlic 
atoms of a molecule get charged electrically. . 

Leyden jar analogy. — J, J, Thamson compares the two atoms of, say, carbon 
monoxide with the two coatings of a Leyden Jar • so that the whole molecule 
behaves as if it wore a Leyden Jar of small capacity,' It is known that the smaller 
the capacity of a Jar, the greater the amount energy required to transfer, say. 
q of electricity into th© jar. If the available energy be less than this, the 
transfer of, say, a single negative, charge from a carbon to an oxygen atom will not 
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occur, apcl 'wece t)ensa. By increasing, the capacity .of the |ar,‘-^ a transfer mi-^ht 
occm* whieli would ot,herwise be impossible. ^ Hence, if /another molecule be added 
to a certain atomic system, its capacity .might be increased and' aceordindv 
less work imglit be required to transfer a charge from an eleetropositive ■ to an 
'electronegative atom. ■■ . ' 

Platiimni tetiucliiorodiammine,.' . PtCl 4 (NHa) 2 , .is', iiot^ 'an electrolyte, 
.becaiise^ its atoms are electrically- neutral. Add another molecule of. 
ammonia to get PtCl 4 (NH 3 ) 3 , and. the resulting compound is a:!i electroi 3 d}e 
with a molecular conductmty of 97 this number rises to 228 with the ’ 
addition of another molecule of ammonia to form PtCi 4 (NH 3)4 ; and up to 
553 when tw'o more- molecules of ammonia are added to form PtCl 4 (NHs)Q. 
Tims, as the molecules of ammonia are increased, the charges carried by the 
atoms increase rapidly. Carbon monoxide is neutral, but when it enters 
as a carbonyl radicle into organic compounds — ^iike acetone (CHjdgCO ; 
aidehyde, CIi 3 (jOH ; etc. — ^it raises their specific inductive capacity 
because the CO radicle becomes charged on entering the compound. The 
proximity of other atoms increases the capacity of the system sufficient to 
allow the transfer in question. Mere contact with the other atoms pro- 
motes intramolecular ionization. In some cases, some of the radicles or 
atoms may carry one or more charges, and other atoms may be electrically 
neutral. The hydroxyl radicle, OH, may exist in a molecule in two states 
according as the oxygen atom carries one or two negative charges. If the 
oxygen atom carries one charge, the radicle O'" — will form an electric 
doublet ; and if two charges — ^as is probably the case with water — ^there 
must be a positive charge on some other radicle not the hydroxyl group, 
and there -will be tw'o doublets in the molecule. J. J. Thomson suggests 
tiiat the difierence in these two states determines whether the OH radicle 
acts as an acid or as a base. Acidic hydroxyl is represented by 0”— 
and basic hydroxyl (of water) 0” — H"*", for if the molecule EO“ H'*' be 
in solution and surroimded by H'^ and 0” — ions, arising from the dis- 
sociation of water, the H'^ ion of the given molecule would unite with the 
0"^ — of the water, and leave an excess of ions in solution so that 
the molecule BO"' — would have acidic properties ; on the other hand, 
in the molecule R the 0“— H”^ of the molecule would unite with 

the H’*" from the dissociation of the water and leave an excess of 0= — H^ 
ions in the water, and the molecule would have basic properties. The 
more eiectropositive the element R in the ROH molecule, the more likely 
is a corpuscle to be transferred from the R to the 0 atom, and accordingly 
the more likely is the oxygen to acquire a second chenge and show basic 
properties. 

Valency electrons or corpuscles. — J. J. Thomson (1914) further 
suggests that each atom may contain negative electrons related to the atom 
in two ways : (i) Fixed ekef^om^ Some of the electrons are firmly fixed 
at the core of the atom ; they are not free to adjust themselves so as to 
cause tim atom to attract other atoms into its neighbourhood ; and they 
take no part in chemical reactions, (ii) Mobile or valency electrons^ Some 
of the negative electrons are supposed ./to. 'be located near' the surface of 
the atom, and they are free to move about and set themselves into position 
unde,r the influence of external electrical fields. They are iinlp-d with the 
central positive charge of the aton|by linbs of force. The mobile electrons, 
which J. Stark (190S) called enables the atoms to hold 

on to one another and form a bond tetween joined^ atoms. The -number 
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of mobile corpuscles determines the valency of the atom so that a iiiiivalent 
atom has one, a /bivalent atom' two, and a septivalent. atom has seven , 
mobile electrons.' The mobility of the, electrons is an essential condition 
necessary for one atom to exert any considerable attraction on another. 
.,Eor. example, if , an atom .with one mobile negative eiectron—Eig. 364-— 
and another atom with its negative electron— Fig. 365 — were in contact^ 




Fig. 364. — Bepulsion. Fig. 365. — Attraction. 

the two atoms would attract or repel one another as illiistrated in the 
diagrams. If, however, the electrons are free to move, they will bo driven 
apart until the positive charge of the one atom is nearer to tlie ncgat.i\'e 
charge of the other, and the atoms would then attract one another. The 
negative corpuscle lias very little inertia and, if free, can be driven round 
at once. The initial repulsion would therefore be momentary and attrac- 
tion would be the final result. If the corpuscle was fixed, it could not 
swing round without carrying the whole atom, which is a comparatively 
heavy body difficult to move. As a result, when the corpuscles are mobile, 
the atoms are kept together, but when the electrons are fixed, the atoms 
will have comparatively little attraction for one another. When the 
negative corpuscles of the atom are so firmly fixed as to be incapable of 
exerting any great attraction on other atoms surrounding it unless they are 
in particular positions, the valency of the atom is said to be saturated, for 
the satisfaction of a valency is essentially the fixing of one of the mobile 
negative particles. 

Fixing the valency electrons. — ^Assume that each negative electron 
in an atom is the origin of a line or tube of force. If the atom is alone, the 
line of force will return to the same atom and end on its own positive charge 
as illustrated diagrammatically, Fig. 366. The negative electron is still 
free to move. Consequently, an electron will not be fixed when the 
atom is by itself, but only when the line of force from the corpuscle is 
anchored to an opposite charge on another atom B, Fig. 368. The electron 
is then deprived of its mobility, and is unable to attract another atom. 

Case I. If the two atoms he electrically neutral^ a similar tube of force 
will pass from each negative electron on each atom to the positive charge 
on the other atom, as illustrated diagrammatically 
(Fig. 368). Hence, with neutral atoms, for each tube 
of force which leaves an atom there will be a return 
tube — as many will go out as come in. If the atoms 
are each bivalent, two tubes of force will leave each 
atom and two return; in general in compounds with 
neutral atoms the total number of lines of force 
between the constituent atoms is double the 
chemical valency. This means that J, J, Tiiomsou 
would represent each chemical valency by two bonds between tbo 
atoms of a molecule when the constituent atoms are electrically neutral. 
It does not follow that if the atom A* sends a tube of force to another 
atom B, it must receive one from the smm atom B, for the return tube 



Fig. 366. — Tube 
of Force of a Mo- 
bile Corpuscle. 
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may come from anotUr atom. The mecessaiy^ condition is -that the' 
number of tubes of force which- leave an atom must - be equal to ^ 
the number which return. With this understanding, certain combina- : 
tioiis can be explained -which appear to be anomalous in- the light of ' 
the, old valency .hypothesis. ■ If hydrogen be univalent, a combination 
like Hs was considered impossible on the older hypothesis. But the 
hydrogen -molecule has neutral atoms, with two tubes of force issuing from 
each. The molecule Hg, that is — 

H 

is thus quite compatible with the hypothesis, so also is a molecule 
Again, with monatomic silver, AgCi, AgCig, AgC’s, and AgCl^ are ail 
possible valency compounds in this extension of the older valency hypo- 
thesis. The trouble with the hypothesis is that it apparently explains too 
much. 

fkise IL If the two atoms he charged electrically . — ^We have seen that an 
electron will be fixed when its tube of force passes out of its atom and ends 
upon some other atom, Fig. 368. If one of the negative electrons {Fig. 367) 
be dragged from one atom, A, to the atcm B, the electron would follow its 
tube of force which left the atom A, and the tube of force would shrink up 
in the atom B, and only one tube of force would connect the two atoms. 
Whm a number of electrons are transferred from one atom to another, the 
number of tubes of force between the two atoms will be halved, because 



A 8 A B 

Fig. 367. — ^TJnion of Charged Atoms. Fig. 368. — Union of Neutral Atoms. 

after the transfer no tube of force will leave the electropositive atom, and 
none will enter the electronegative atom. The one atom, B, would thus be 
positively charged and the other. A, negatively charged. Hence, in com- 
pounds with charged atoms, the number of tubes of force between 
the constituent atoms will be equal to the chemical valency. The 
tube of force is then equivalent to the bond or bar of the regular structural 
formulio (p. 87) employed by chemists, and the valency bond is only 
applicable when the constituent atoms are charged electrically. If the 
constituent atoms are electrically neutral each valency bond must be 
doubled if it is to represent a tube of force. The chemist’s hyphen or 
bond?*is thus related wdth the physicist’s tube of force. 

Unsaturated compounds. — ^It follows from the preceding discussion 
that when each of the mobile electrons in an atom is anchored by 
a tube of force to a neighbouring atom, the average attraction of 
that atom for other atoms is reduced to a minimum. J. J. Thomson 
further shows that if the molecule of compound is to exist in a stable 
form, (i) The molecules must not exert a sufficiently large attraction on 
the neighbouring atoms to cause them to unite and form other molecular 
systems. This will be the case when the work required to separate the two 
molecules under consideration is 9mall compared with the average kinetic 
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energy of the molecule at the temperature Y. (ii) The; attractions between ■ 
the atoms of tiie molecules must be great enough to prevent separation 
when the molecule collides, with other molecules. ' This will obtain if the 
work required to separate the atoms is large compared with tlie average 
kinetic energy of the molecule at the temperature 1 \ These conditions 
are greatly influenced by temperature. Thus, with iodine vapour, the 
monatomic molecule may exist in a stable form at a liigli temperature, and 
pass into more complex, diatomic molecules at lower temperatures. 

If carbon monoxide is a stable compound when electronegative carbon 
is united with the more electronegative element oxygen, why does not 
CCig also form a stable compound ? Thomson answers this question as 
follows : As already indicated, an atom, even when saturated, must pro- , 
duce an electric held in its neighbourhood. This field must restrict tlie 
freedom of motion of molecules of the corpuscles in neighbouring atoms. 
If the electric field due to the oxygen atom in carbon monoxide be very 
strong, then, even though hut two of the four mobile corpuscles of the 
carbon atom are bound to the oxygen by tubes of force, the other two will 
be exposed to so strong an electric field that their mobility is reduced. As 
a result, the attraction of the carbon atom on other atoms is reduced. The 
amount of residual attraction, so to speak, depends upon the strength of 
the electric field in the carbon atom produced by the oxygen atom. If 
the electric field with the CCla-system be smaller than that produced in the 
CO-system, it follows that the latter will behave more like a saturated 
molecule than the former, and the carbon monoxide molecule, in con- 
sequence, might exist in a free state when the CCl^ could not. 

It might be argued that in a"‘compound like ethane, CsH^, with electro- 
positive hydrogen atoms, and electronegative carbon atoms, the two carbon 
atoms are in a difierent eleotricai state, because the 
tubes of force from three hydrogen atoms end on 
each carbon atom, and a tuba of force from one 
carbon atom must end on the other ; accordingly^ 
the potentials of the charges on the tw^o carbon 
atoms must be difierent. This is illustratecl 
diagrammaticaliy in Fig. 369, Similar remarfe 
apply to acetylene and probably also to ethylene 
linkages. No phenomenon has yet been noticed 
wliich would justify this conclusion in the case of 
ethane, but in the case of doubly and triply linked combinations, several 
properties — ^molecular volumes, indices of refraction, etc. — are markedty 
difierent from what they are with the carbon atoms all singly linked 
together. 

This discussion has not proved these speculations, it only makes 4hem 
appear plausible. The work outlined in this chapter illustrates the in- 
valuable aid which chemistry and meta-chemistry are receiving from the 
disciplined imagination indicated in our preface. Naturally many have 
fallen before the temptation to confuse imaginary phenomena with demon- 
strated fact. Premature generalissations are rife, since, as a rule, the leas 
the number of facts, the easier it is to generalize — and the more likely 
are those generalizations to be, wrong. 

The honesty of science.-^Here, then, we are confronted with x->han- 
tasmse which would be barnshed' at onc€ if we were convinced that they 



Fio. 369.— Ethane, 
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were sterile conjectures and not pregnant hypotheses* The speculations; 
probably make the best guess yet made about the ultimate' constitution 
of matter* The relations between hypotheses and fact, though doubtful, 
are not altogether contradictory. Consequently, the delectiye.hypotheses, 
will be persistently attacked by hostile 'forces until they are either aban- 
.doiied in favour of more successful rivals, or developed and strengthened 
into a more consistent and lasting form.- . 

This struggle for existence is the life and strength of scientific h^rpo- 
theses. Science may appear to lose influence when the fafiacy of a pre- 
vailing h}q)othesis is demonstrated ; . but it holds a treasured reputation 
for. honesty of purpose by frankly acknowledg.ing, and; registering, its 
mistakes. In the words of A. Sidgwiek,. free' from .the fear ' of being iound 
an impostor, science is able to chaUenge^ — and to - court— correction. As 
for the truth, it endureth, and is always strong.; ■ it liveth and conquereth 
for evermore. Truth is the strength, the kingdom, the power, and the 
majesty of aH ages,”— 1 Esdras iv,. - 


EPILOGUE 


There are not far from 200,000 different cGiiiponnds known to dieniists, 
and hundreds of new compounds are discovered every year. The specific 
properties of all these substances are described in dictionaries of chemistry, 
and in memoirs of the various scientific societies. The stu dent of chemistry 
is not expected to be acquainted with more than a small fraction of these 
compounds. If a chemist discovers what he believes to be a new com- 
pound, it is possible to find if it has been previously prepared by consulting 
the literature just mentioned. 

Herbert Spencer has properly said that in so far as the production of 
new compounds is carried on merely for the sake of obtaining new com- 
pounds, chemistry is not a science, but an art. The best chemist is not 
necessarily he who is familiar with the greatest number of compounds. 
Chemistry is something more than a compilation of empirical facts. 
Dictionaries of chemistry, not the memory, are the natural storehouses 
of isolated facts. The intellect is perfected not by knowledge but by 
exercise. The time needed for memorizing a vast medley of facts can be 
far more profitably spent in training the brain to thinly clearly and 
logically, and the hands to do their work skilfully and accxirateiy. A 
student trusts his teacher to equip him with these essentials ; and the 
conscientious teacher has therefore grave responsibilities. At the same 
time, the work of the teacher may be reinforced or hampered by an 
examination syllabus which the student expects to traverse. 

The experience of thousands of teachers crystallized in hundreds of 
text-books, syllabuses of examinations, etc., is supposed to have taught 
teachers what facts and principles the student of general chemistry should 
know. But the teacher has failed in his work if he has not whet the 
student’s appetite for more. The subsequent progress of the student in 
general chemistry is, however, largely determined by his intended pro- 
fession, and I question if hereafter he can do better than follow the adduce 
of “ Sherlock Holmes ” : 

I consider that a man’s brain originally is like a little empty attic, and you 
have to stock it with such furniture as you choose. A fool takes in all the lumber 
of every sort that he comes across, so that the knowledge which might be useful 
to him gets crowded out, or at best is jumbled up with a lot of other things so 
that he has a difficulty in laying his hands upon it. Now the skilful workman is 
very careful indeed as to what he ta/kes into ms brain -attic. He will have nothirxg 
but the tools which may help him in doing his work, but of these he has a large 
^sortment, and all in the most perfect order. It is a mistake to thinlc that this 
little room has elastic wails and can distend to any extent. Depend upon it 
there comes a time whon for every a,ddition of knowledge you forget something 
that you knew before. It is of the highest,, importance, therefore^ not to have 
useless facts elbowing out the useful ones, ^ 

IQU V 


MISCELLANEOUS QUESTIONS 

What is meant by (o) chemical action, and (6) physical change V Is chemical 

action always accompanied by physical change ? In the following list of changes* 
which are chemical J and which of a physical nature ’—Souring of milk • digestion 
of food; liquefaction of air; freezing and evaporation of water; grinding of 
grain ; fading of coloured fabrics ; withering of leaves ; weathering of rocks | 
melting of silver • ^ solution of sugar in water ’ — Princeiown Univ. {US. A.), 

2, Discuss the follovring quotation ; “ The volume of a molecule of a compound 
body in the gaseous state is exactly double the atom of hydrogen.” 

S, What 'were the principal difficulties in the way of the general acceptance of 
the atomic theory as enunciated by Dalton ? Show how these difficulties were 
overcome. — Sydney Univ. 

4. Suppose the mineral chromite on analysis furnished the equivalent of 5() 
per cent. CrgOg, on the assumption that the atomic weight of chromium is 52*1 
(0= 16). What difference in the value of a ton of chromite will be reported by 
two chemists if one works on the assumption that chromium has an atomic weight 
of 5T 6 and the other 53*5 ? Given a 60 per cent, ore is worth £3 5s, Od. per ton. 

5. In reply to the question : “ State the laws of constant composition ; give 
an examr>le,” a candidate up for examination answered : “ Chemical combina- 
tion always takes place between different masses of matter, e.g. two of hydrogen 
to one of oxygen.” Is this answer worth any marks ? Why ? 

6. Criticize the following extract from the paper of a candidate for exami- 
nation : “ Gases ,unite chemically by measure as well as by weight ; solids and 
liquids unite only by weight.” 

7. Suppose it be argued that in the experiment depicted in Fig, 13, the moisture 
might come (a) from the air, or {b) from the imperfect drying of the hydrogen gas, 
how would you proceed to modify the experiment to test if these objections 
stultify the inference di'awm ? 

8. Explain the following quotation ; “A fact which will not fit into reasoned 
and formularized schemes "stands outside scientific knowledge until the right 
formula is found,” — J. J. Murphy (1869)* 

9. What did Bergman mean when he said that “ the qualities of bodies 
can never be knowm by reasoning a priori ” ? 

10. The waiter of a pamphlet published in 1847 argued that water must be 
a simple element because “ we have the great authority of Aristotle, who states 
water is one of the four elements ” ; and “ chemists are at variance as to the com- 
position of W’-ater, for according to Davy water consists of hydrogen and oxygen 
in the x^roportioir of twro parts of the former to one of the latter ; whilst Dumas, 
the celebrated French chemist, says that one part of hydrogen and eight parts of 
oxygon form one of water.” What is your opinion about these quotations ? 

I L In reply to a question asking for the meaning, in words, of the equation 
H2S04+Zn==Zn3.04+H2, ^5, candidate said: “Two parts of hydrogen (HD in 
sulphuric acid (H2SO4) are replaced by one part of zinc (Zn) and zinc sulphate 
(ZnS04), "with hydrogen gas {H2), is produced.” Criticize this answer, and state 
how you think it ought to have been expressed. 

12. The vapour densities of three substances referred to hydrogen taken as 
unity Vere 45, 70, and 25 respectively, and the percentages by weight of a certain 
element contained in each were, 22*22, 42*86, and 40*0 respectively. What is the 
probable value of the atomic weight of the element 1--Cambridge Smr, Locah, 
Hint : The molecular %veight of the first element is 90, and it therefore contains 
20 parts by weight of the given element ; while the second contains 60, and the 
tihi'cl 20 parts by weight of the same element. Hence, if A be the atomic 
weight of the given element, uA = 20, vA =*= 60, wA =20. Hence A is probably 20. 

13. “ Valency is the gaseous combining ratio of hydrogen or of other elements 
to the unit volume of hydrogen, but extended by indirect calculations to those 
elements whose gaseous volume cannot be directly measured. The atomic weight 
is the weight of a unit volume of the elemenl^ in the gaseous condition, compared 
to that of hydrogen as unity .”— Sprdgm (1892). Explain this quotation 
more fully with examples. 

106 S 


1066 


MOBEBN INORGANIC CHEMISTRY 


14, It is said tlmt “ if a porous vessel containing a mixtui'c of liydrogen and 
oxygen in any proportion be surrounded by a- vacuum, the mass of oxygen viiich 
escapes in a short time is four times that of hj^'drogen.” Expose tiie fallacy of 
this statement. Hint : The effect of partial pressure, which varies according to 
the i^eiative projDortion of the gases present, is ignored. 

15. In 1703, G-. Amontons published a paper on ‘‘ The expansive force of air 

as a measure of temperature,” and showed that the increase of pressure is propor- 
tional to the rise of temperature, and also to the increase of density, (a) Is the 
latter statement correct ? (£») If air has a density of 0*00129 (gram per c.c.) 

at n.t.p., what must be the pressure in order that the den.sity may be three times 
as great ? Hint : (a) Since volume v varies inverseh?- as density I) (p, 32), 
Ciapeyrpn’s equation (p, 105) can be written p = BTD, etc. Hence the pressure 
of a gas 38 proportional to the temperature and density, (6) 2 atm. 

10, A flask fitted vdth a porous plug contains equal masses of hydrogen and 
carbon dioxide and is exposed to the open air until lialf the hydrogen has passed 
out. Neglecting the changes of diffusion rates due to the varying partial pressure 
of the gases and also the back action of tho air and escaped gases, find tlie propor- 
tion of the two gases remaining in the flask. — E, Ho Jude and FhymeSp 

London, 1899. 

17. A sealed bottle can stand an internal pressure of four atmospheres and it m 
filled with a gas at 15® and 760 mm. Above what temperature would tho bottle 
be liable to burst ? 

18. How much zinc and sulphuric acid will be required to fill a cylindricai gas 
holder 2 metres high and 40 ems, diameter with hydrogen gas at n.p.t, ? Hint : 
The cubic capacity of the gas holder is or 25T2 litres (^.e. cubic deonnetres). 
Hence, nearly 1100 grams of sulphuric acid and 730 grams of zinc are needed. 

19. It is sometimes stated that Avogadro’s rule for gases is true for hydrogen 
and oxygen at ordinary pressure, and hence these gases unite in the proportions 
2 : 1, The researches of Amagat and others on the effects of change of tempera- 
ture and pressure on the volume of a gas show that hydrogen and oxj'gen not only 
deviate from the two gas laws, but their deviations are in opposite directions. 
Hence, adds A. Scott (1887), *‘it can only be by the merest chance that at our 
ordinary temperatures and pressures tho combining volumes of hydrogen and 
oxygen should be exactly 2 : 1.” Discuss this question. 

20. Is it possible to raise the temperature of a saturated vapour at a constant- 
pressure' ?■■■ ■■ 

21. “ The properties of a compound,” said a wiiter in 1887, “ are the gum of 
those of their components. This indeed is a necessity for the atomic theory, 
which supposes that bodies react in terms of units whose integrity remains invio- 
late throughoxit all changes.” Discuss this statement, 

22. Describe and explain Soret’s experiments on the molecular weight of ozone. 
If, in Soret’s apparatus, 100 c.o. of HCl gas had been mixed with oxygon, and 
18 c,c. had difiused in half an hour, what molecular w^eight would you assign to an 
acid gas of which 12 c.c. (out of 100 c.c,) diffused under the same conditions ?•— 
Owens OoU* 

23. Explain clearly the meaning of the following translation from C. L, and 

A. B. Bertnoliet’s de Va/rt de la teinture, Pai’is, 1804 ; “We may be easily 

satisfied of the existence of oxygen in chlorine. We have only to expose to the 
light of the sun a phial filled with a solution of chlorine in water. Bubbles of gas 
are soon evolved, and the resulting gas can be collected m a suitable receiver. This 
gas has all the properties of oxygen. When the bubbles cease to develop, tho 
Equid has lost its distinctive properties, and it is now water impregnated with 
ordinary muriatic acid and oxygen.” * 

24. To what constituents do acids owe their characteristic properties ? Does 
this substance impart these properties to all its compounds ? 'What Is the thom-y 
advanced to explain the facts embraced in your answer ? How do we explain 
the fact that some acids are stronger than others ? Name some other facts which 
the above-mentioned theory explains.-— A ?ner^(;a?^ ColL 

25. Describe the preparation, of potassium from potassium carbonate. What 
producfts are found when water, moist air, chloric and hydroehlorio acid roBpcc- 
tively act on potassium ? Give an outline of tlie chemical characters of each of 
the&e products. — London Univ» 

, 26, State three definite reasons for placing potassium and sodium in the same 
class of mettle.: — Cambridge 8en/t^ Locatkf 9 

27. A set of silver refining vats have energy equivalent to one home-power 
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applied to tlieni at an, average pressure of o*7 volts per vat. How,: much silver wiE 

deposited ■ per hour 1 , Given 746 watts ■are equivalent to nne iiorse-power* 
Smts : ■ Siivie ’watts == amperes x volts, ■'the current .is 20Ou,mperes but (p.' 367.) 
a current ■which will deposit 0*001118 gram of silver per second is called an aanpei’c, 
hence 200 amperes will deposit 0*001118 x 200 X 60 X 60 = 805 gi*ams per 
hour, ■ ' , , ■„ . . , „ 

28* A. Giiye and G. Ter-Gazarian- discovered in 1006 that the most careMly 
recrystaliized potassium chlorate contains '.at least ■'0*022 per cent*, of potassium 
chloride. Takirig account of this correction, recalculate^ the atomic weight of 
silver from the- following data of Stas: — Percentage of oxygen' in potassium 
eMorate=„39— 154 ; .ratio of silver to potassium chloride— 100 : 69*1143 '(O^ie), 
•^Manchester Univ . . ■ . ' . , ■ 

20. Describe and explain the changes which take place when nitrogen tetroxide, 
enclosed in a sealed tube, is heated. Do you know any other gases "whicb 
undergo similar changes when heated ? In what -way 'w^ould you say that 
electrolytes, -when dissolved in -water, exhibit an analogous behaviour to nitrogen 
letroxkle wdien, heated if — Staffs. County School. 

30. DGscri}3e the changes that take place when the following are heated : An 

aqueous solution of siilplmrous acid ; an aqueous solution of acid calcium car- 
boiiate ; an aqueous solution of 40 per cent, nitric acid ; an aqueous solution of 
80 per cent, nitric acid ; solid ammonium nitrate ; ammonium nitrite I sulphur. — 
Gape Univ, .■ ■ . , ■ ■. ''■ ■ 

31. (a) What are the general methods for hastening the rate of a reaction ? 

(b) Tlie equation N2O4 — 2NOo represents a system of two gaseous substances in 
efjuiii].)rium. What -would be tlm effect of increasing the pressure on the system 
without changing the temperature ? — Dept, oj Educ., Ontario. 

32. What is the action of ozone upon potassium iodide, and how •wotxld its 
effect be distinguished from what is produced by nitrogen peroxide upon the 
same salt ? Calculate the weight of potassium iodide -whieh is equivalent to one 
gram-molecule of ozone (K — 39*1, I =« 126*8, O == 16). — Science and Art Dept. 

33. Write a general account of the displacement of hydrogen by metals from 
water, from acids, and from alkalies, stating which metals act in this way and 
whieh do not. What other kinds of action may occur ? — Owens College. 

34. Give in detail practical methods by which two of the following bodies may 
be prejiared in a crystalline state ; hydroxy lamine, phosphorus oxide, sodium 
azoimide. nitrosulphonic acid. — Owens College. 

35. When electric sparks are passed through ammonia gas it is nearly all 
decomposed ; when through a mixture of nitrogen and hydrogen a trace of 
ammonia is formed. How can either of these reactions be made practically 
complete ? Explain the reasons for your answer. Do you know of any other 
instances of the same sort of phenomenoh f — BorrAay Univ, 

36. According to Ciutiiis and Schulz, hydrazine contains 87*4 per cent, of 

nitrogen and 12*6 per cent, of hydrogen, and it forms two chlorides; the one 
contains 26*96 per cent, of nitrogen, 6*01 of hydrogen, and 67*41 of chlorine ; and 
the other contains 40*96 per cent, of nitrogen, 7*71 of hydrogen, and 61*86 of 
chlorine. WEiat is the molecular formula of hydrazine ? J. Biehringer, Einjithr^ 
mig in die Stdehimetrie. Braunschweig, 1900. Hint : Take N = 14, 01 = 35*6, 
and H =:^ 1. The formula for hydrazine, by calculation, is the simplest 

empirical formula of the fix'St chloride is NHjgCl, and of the second NgH^CL These 
numbera show that the fe‘st chloride can be regarded as a compound of with 
HCl, and the second chloride a compound of 2NH2 with HQ ; or the first might 
be a compound of with 2HCI, and the second a compound of NgH^with HGl, 
etc. The second suggestion is more probable than the first, because hydrogen 
chloride usually behaves in these double compounds as if it were a momd radide-- 
%Htmss NH...HCL Hence the formula of the three compounds in question are 
respectively mitten : N5H4, N2H4.2HCI, N2H;4.HC1. Now show that this con- 
cluBion is confirmed by the vapour density of hydrazine 1*1 (air 1), . . . 

37. By what method is sodium nitrate prepared, and what are xts principal 
uses ? How would you obtain from sodium nitrate (u) ammonia, (6) nitric oxide, 

(c) hydroxviamine sulphate 0/ 

38. How can the nitrides of litHum and magnesium be prepared, and what is 
the action of water on them ? Given the fact that lithium can be obtained by 
the electrolysis of its fused hydroxide, suggest a continuous process for the mn- 

version of atmospheric nitrogen into.^mmomtim' salts.— G mi;, ^ 

39. A current passes simultaneously through acidulated water, a solution of 
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copper sulphate, CUSO4, and molten silver chloride. "VVi-uit substances are pr(> 
duced in each cell, and how many grams of each in the time that 10 cubic centi- 
metres of hydrogen are liberated from water (Cu == 63, Ag = lUS) "i-~—NeivZ€ala)id 
Univ, : ^ _ __ „ 

40. On the assumption that the equivalent of mercurj?- is 99 ’25, calculate to 
two places of decimals the equivalents of oxygen, hydrogen, cop])er, sulpiiiu’, and 
chlorine from the following data; mercuric oxide contains 02*59 per cent, of 
mercury j cupric oxide contains 70*9 per cent, of copper* ; cupric ehloride contains 
47*3 per cent, of copper ; sulphuretted hydrogen contains 94*07 per ciuit. of 
sulphur ; hydrogen chloride contains 97*23 per cent, of chlorine. — London Lmi\ 

41. Discuss the action of pure nitric acid and of ordinary nitric acid on the 
metals copper and zinc, and indicate the compounds which are formed respectively 
under different conditions. — Board of Educ. 

42. Compare and contrast the physical and chemical properties of magnesium 
with those of calcium and zinc. To ivhich of these two metals do you con.sider 
magnesium to be more closely related ? Give reasons for your answer. Given 
a solution containing these, three metals, how?' would you prepare from it pure 
specimens of the oxides of each ? — Oxford Univ. 

43. Calculate the w'-eight of oxygen available for oxidation in 10 grams of 
potassium of permanganate in sulphuric acid solution. — Sheffield Scientific 
School, U.8.A. 

44. How can crystallized potassi'um permanganate be obtained from black 
oxide of manganese ? Explain the reactions w’hich ensue when an acidified solu- 
tion of potassium permanganate interacts with [a) sulphurous acid, (5) oxalic acid, 

(c) hydrogen peroxide. — Sheffield Univ, 

45. What weight of manganese dioxide must be decomposed by hydrogen 
chloride in order to obtain enough chlorine to combine completely with the 
hydrogen evolved by dissolving 10 grams of magnesium in dilute acid ? (Mg 24, 

Mn s=s 65, Cl 35*5. H 5== l.)-L.Vict, Univ., Manchester, 

46. Represent by equations the action of strong sulphuric acid on each of the 
following substances ; (a) nitre, (5) manganese dioxide, (c) formic acid, {d) copper, 

(e) charcoal. 

47. The properties of an element depend in a great measure on the different 
active valencies of the element. Illustrate this principle by reference tc 
manganese. 

48. Describe the difficulties to be overcome in determining wdiether is 

formed when NO and NOg are mixed at ordinary temperatures. IVhat conclu- 
sions have been drawn from the results of experiments on this problem ? — Board 
of Educ. 

49. Describe, with all essential practical details, the preparation either of pure 
crystallized sodium nitrate from sodium nitrate, or of pure potassium perchlorate 
from potassium chlorate. What method 'V’ould you adopt to ascertain the purity 
of the product ? — Board of Educ, 

60. State Dulqng and Petit’s law and explain its value in the determination of 
atomic weights. If the specific heats of tw^'o metals M and N be 0*25 and 0*214, 
and their equivalents 12 and 9 respectively, what will be the formula of theii 
chlorides ? — Sheffield Univ, 

51. Give the composition of “ pure air ” by weight and by volui'ne. Give 
proofs that the air is a mechanical mixture. It is intended to prepare 112 litres 
of nitrogen, at S.T. and S.P., from a certain chemical compound ; wdiat compotmil 
will it best to employ, and how many grams wnll be required ? — Brinceloum 
Univ,, U,S,A, 

52. By what experiments and reasoning has it been shown that air is a nuxturt* 
of gases ? By whom and how was the active constituent of air first isolateci, and 
the nature of combustion explained f-^Sheffield Univ. 

53. Beginning with nitrogen combined in the form of nitre, state exactly* how 
you would prepare from it (a) nitric oxide, (5) nitrous oxide, (c) ammonia, 

(d) nitrogen, each in a state of purity.— Zondon Unw. ’ 

54. A certain metal gave the following results : (i.) 0*5 gram ga\'o 1*396 grams 
of oxide, (ii.) the chloride contamed 1P2 per cent, of the inetai, (iii.) the vapour 
density of the chlorine was found, to be 40, (iv.) the specific heat at ordinary 
temperatures was 0*46, but increased rapidly with rise of temperature, State 
what you can about the atomic weight of the metal . — Oxford Univ. 

55. Explain the terms ** atomic heat and ‘‘molecular heat.” The specific 
heat Of lead sulphate, PbS04, is .0*0827 j vnat of lead 0*0309 ; and of sulphur 
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0‘UVX Assuming tiie utomie weights of lead and sulphur to be 207-1 and 32-07 
respotuively, caleulate the specific heat of solid oxygen. , Give a short account of 
tile at tempts winch iiave been made to find a common value of the atomic heat 
for all elements in the solid state.---Boflrd' 0 /.E?dWv 

Gik The tKiuivalent of carbon in methane is 3, in ethylene 6, in acetylene 12. 
On what considerations is the atomic weight of carbon fixed as 12 ? — SL Andrews 
Unw,' . ■ ■ ' 

07. How would you distinguish between (a) a soluble iodide and a soluble 
bromide ; (6) graphite and iodine ; (c) nitrous oxide and oxygen ; (d) a ferrous and 
a ferric salt ? Give equations. — St. Andrews Univ. 

08. Describe the methods adopted and the results obtained in the study of the 
limited oxidation of methane and its homologues. — Board of Educ. 

59, ,8-ketch the history of the recognition of the property of “ radioactivity.’* 
and give an account of the isolation of radium salts. Describe exactly 
dia.gran i-s how you would investigate the nature of the radiation from a given 
mmeml.---‘-'BoaTd.of.Edm. 

ih). Gh'e a short account of the metallic ammines. What is known regarding 
their constitution V — St. Andrews Univ. 

61. Write a lu-ief essay on valency, taking into account the existence of “ mole* 
cular ” compounds. — London Univ. 

62. Give an account of the principal ammoniaeal bases or ammines containing 
ctvbalt or platinum, tind explain Werner’s theory of their constitution. — Board of 

Education. , 

03. Platinum chloride was added to a solution of ammonium chloride, and the 
resulting ],u'ecipitate, after ignition, left 1*7 grams of platinum. What weight of 
ammonium chloride was present in the solution ? (Pt = 195, N = 14, H = D 
Cl — 35*5.) — Board of Educ. 

04. Give the formiilfo of the following substances, stats whether each is soluble 

or insoluble in water, and suggest pairs of solutions which would give the insoluble 
substances as precipitates : (a) calcium chloride ; (6) barium carbonate ; (c) 
aluminium hydroxide ; (d) phosphorus chloride ; (e) phosphoric chloride ; (/) 
copper sulphide j (g-) ammonium sulphate ; (h) strontium nitrate, — Univ. 

Toronto. 

65. Describe two experimental proofs of each of the following statements : 
(n) the oxygen, nitrogen, and carbon dioxide in the atmosphere are not chemically 
combined*; (b) the oxygen, nitrogen, and hydrogen in nitric acid are chemically 
combined. — Cambridge Senior Locals. 

66. State exactly how you would separately prepare from phosphorus speci- 
mens of phosphorous acid, orthophosphorie acid, and hj’pophosphorous acid. 
How may these acids be recognized qualitatively ? What structural formula 
w'ould you ascribe to ortiiophosphoric acid, and for what reasons ? — Institute of 
Ohem, 

67. If the structui-al formula of j)liosphoroiis acid be correctly represented by 
P (OHljj, how •would you expect this acid to decompose on heating ? 

68. What reactions take place when (a) silver nitrate solution is acted upon by 
(i.) arsenixiretted hydrogen, (ii.) antimoniuretted hydrogen, and (iii.) chlorine; 
(6) when sulphuretted hydrogen acts on ferric chloride solution ; and (c) when 
solutions of the following are brought in contact t (1) silver nitrate and sodium 
phospiiate, (2) potassium iodide and copper sulphate, (3) ferrous sulphate and 
nitric acid ? — Cape Univ. 

69. Give examples of monatomic, diatomic, triatomic, and tetratomic mole- 
cules of elementary substances, and state how their construction has been arrived 
ixt.'-^Science and Art Dept, 

\yi0. *What are the natural sources of arsenic ? Describe how the element is 
obtained from its ores, and mention some of the uses to which arsenic and its 
compounds are put. How could you test a specimen of iron pyrites for arsenic ? 
— Cambridge Univ. 

71, Discuss the action of zinc on aqueous solutions of the following : sodium 

hydroxide, nitrous acid, sulphurous acid, cupric chloride, arsenic acid, — Institute 
of Oh&Wf. ; , 

72. Describe and explain the changes which take place in the following experi- 
ments : (a) carbon dioxide is passed into hme-water (6) chlorine is passed into 
•water containing mercuric oxide in suspension (c) sulph^urous acid gas is passed 
into a solution of iodine; (d) sulphumus acid gas is passed into a solution of 
hydrogen iodate ; (e) potassimn pernalnganate solution is added to a solution of 
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hydrogen peroxide in dilute sulphuric acid ; ( / ) phosphorus is boiled baiy ta 

water , — Oivem Coll* 

73. On what experimental evidence is it believed that acids, bases, and salts 
are more or less ionized in aqueous solution ? Explain from this point of view 
(a) the alkalinity of a sodium carbonate solution ; (6) the acidity of & ferric 
cbioride solution ; (c) the action of ammonium chloride in preventing the precipi- 
tation of magnesium salts by ammonia . — Madras Univ. 

74, Coal gas of the composition given below is burnt in air : — 


Ha CH^ 
48-0, 26*0, 


2 * 0 , 


OA 

3*0, 


10 , 


CO 

16*0, 


CO 

• 0 , 


CSj 

0 * 1 , 


^'s 

2*7 per cent. 


Name the products, and give the quantities of each produced per litre at N.T.F. 
of gas burnt, stating your results in o.o. measured at 100® and 760 
of Ohem. ■ ■ ■ ■ ■ ' 

76. Describe an electrolytic method for preparing sodium. Show liow the 
modern applications of electrolysis have (a) aided in the productioji of cyanides, 
(5) reduced the profits of the Leblanc soda process, (c) aided in the production of 
bleaching liquids. — Cape Univ. 

76. In 1813 Davy wrote : “I have given an account of an experiment on the 
combustion of potassium in silicated fluoric acid gas ” (SiF^), “ in which the gas 
was absorbed, and a fawn-coloured substance formed, which en'ervesced with water, 
and left, after its action on that fluid, a residuum which burnt when heated with 
oxygen, reproducing silicated fluoric acid gas ; and I concluded from the pheno- 
mena that the acid gas was decomposed in the process, that oxygen was probably 
separated from it by potassiiun, and that the combustible substance was a com- 
potmd of the siliceous and fluoric bases.” Elucidate, as far as you can, what 
happened in the experiment described, and comment upon Davy’s explanation 
of it, and on the terminology he uses . — Owens GolU 

77. Pieces of bright metallic lead are placed (a) in distilled w-ater ; {h) dilute 
hydrochloric acid ; (o) dilute sulphuric acid ; (d) water saturated with carbon 
dioxide j (e) a chalk water of about 16® hardness ; give an account of the changes 
wMeh you would expect to observe or be able to trace. — Institute of Chem. 

78. Each of the following substances is heated in a stream of hydrogen : FfoO, 
Sn02, FcgOj, TiOa, CrgOg, MnjO^, Ai^Og, PgO-, BgOg, ZnO, BaO. State what 
occurs in each case, giving equations, — Institute of Ghent, 

79. What is the effect of heat on the following substances : arsenic acid, 
phosphorus pentachlonde, lead nitrate, ‘auric chloride, lead dioxide ? — London 
Univ, 

80. What happens when the following substances are warmed wdth concen- 
trated nitric acid : tin, antimony, aluminium, arsenious oxide, phosphorus, 
hydrogen chloride, ammonia ? — London Univ, 

81. A graduated gas cylinder is supported verticahy in a mercury trough so 

that the upper end of the tube is distant a mm. from the level of the mercury, 
and the level of the mercury inside the cylinder is distant h mm. from the outside 
level. The tube must be depressed c mm. in order to make the level of tho 
mercury inside and outside the same. What is the pressure of the atmosj:)her 0 
outside 7 If the height of the tube from the level of the mercury is 300 mm., the 
difference in the levels of tho mercury in the two vessels, 162 mm., and the levels 
of meipcury inside and outside are the same when the tube is depressed 187' 6 mm,, 
show that the height of the barometer is 760 mm. A?iswer : b(a — b)/(c 3), 

82. Show that a deviation from the law of peraistonco of weight would Ikj 

Inconsistent with the law of persistence of energy. Bfint : If an atom of weight 
tv, when combining with another atom of weight w' does not produce a raoleoulo 
of Weight w + w', and the weight of the molecule be greater than that of the two 
constituent atoms, it would suffice to let the molecule Ml some convenient 
distance, and raise this again while the atoms are uncombined to gain a Httlo . 
energy. ^ I 

83. On heating strongly 0*406 gram of potassium, chlorate, 139 c.e* of oxygen I, 
Were obtained, and the potassium oliloride remaining weighed 0*247 gram. The | 
oxygen was measured over water ; at a temperature of 27®, at •wliich tempyraturo 
to vapour pressure of water is 2*66 cm. The barometric height was 7M4 e.m. 
Find the value for the molecular weight of oxygen, which may be deduced from 
tose data.. 

following quotation t When the term * salt * is used in every* , 
<^y me, it ■Refers naturally to sodium chloride, but to a chemist a salt may not ' 
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only be a cMoride, but.a siilpMde, a ' sulphate, ' or one of a number 'of similar 
compoiinda/’—W. SegerMom,, First Year Chemistrij, Fxetev, 1909. 

85. T. Thomson {A System of Chemistry, London,a817)^ said : “ The :atoiniO' 
theory seems to me to present an insuperable objection to the opinion advocated' 
by Berfclioliet, that produces an effect upon chemical combinations, and/ 
decompositions.”. Show,, that there is no difficulty in reconciling Bertholiet’s 
gmomlizatioii (p. 119) vdth Dalton’s atomic theory. ' 

^ 86 . To what co,natituent8 do acids owe' their characteristie properties ? Does 
this substance impart, these properties to all its , comp.ounds ? What is the, theory, ■ 
advanced to explain the facts embraced l.n your answer ? How do we explain the 
fact that some acids, are stronger than others ? Name some other facts which the 
above •mentioned theory explains . — American Coll, 

$1, State, with explanations,, how electrolytes differ from non -electrolytes' aa. 
regards the depression of freezing point or the osmotic pressure exerted by equi« 
molecular solutions, and ',explain how, the^degree of ionization of ,a' salt' in solution ' 
might be eaieulated from a determination of osmotic pressure* a grams of a non- 
dcctrolyte are made up to 100 c.c. with water at 15° 0. The osmotic pressure is 
found to be 500 mm. Express in factors the molecular weight of the substance. 
— Cape XJniv, ^ 

88, What IS the difference between the chemical equivalent and the electro- 
chemical ec[uivalent ! [a) The chemical equivalents of zinc, aluminium, and 

(ferrous) iron are respectively 32-5, 9, and 28. What are the respective electro- 
chemical equivalents of the elements ? Distinguish between “ unit quantity of 
electricity ” and “unit current of electricity.” (6) How many units of current 
will deposit O'OillS grm, of silver per minute f Answers, {a) The electro- 
elieniicai equivalent of zinc is 32' 5, aluminium 9, and ferrous iron 28 j the electro- 
chemical equivalents in coulombs are respectively 0*00034, 0 '000095, and 0*00029. 
(6) amp. 

89. The durability of galvanized iron is, under ordinary circumstances, much 

f 'eater than that of tin plates (iron coated with tin). Explain t'his . — New 
ealand Univ, 

90. If hydrogen sulpliide be passed into a mixture of iodine and w’'ater, 
sulphiir is deposited, and hydrogen iodide is formed, the iodine may be in turn 
displaced from combination by bromine, and the bromine by chlorine. What 
%veight of each of these elements worild be required to displace the sulphur con- 
tained in iOO grms. of hydi’ogen sulphide ? (S = 23, 1 = 127, Br = 80, Ci = 35*5.) 
— London Univ, 

91, What do you understand by positive ions, negative ions, and complex 
ions ? Give examples. Give examples of metals (two at least in each case) : 
(a) which form more than one simple positive ion; {b) which form only one 
oxide or hydroxide, and tliis oxide or hydroxide, although usually giving a 
simple positive ion, sometimes forms part of a negative ion ; (c) which form 
more tiian one oxide, and in certain salts form part of a negative ion ; (d) which 
in some parts form part of a complex positive ion. Give the formula of the ion 
in each case . — Sydiiey Univ, 

92, Tlie analysis of a potassium hydrogen arsenomolybdate by C. Eriedheim 
(1892) giwe the following data: 0*4328 grm. analyzed for potash gave 0*1138 

f rm. of platinum ; for arsenic, 0*78819 grm, of substance gave 0'341S grm. 

; 0‘5038 grm. weighed 0'0587 grm. after ignition. The MoOg was 
determined by difference. Show that these numbers correspond with 12*67 per 
cent, of ivgOg ; 32*41 per cent, of AsgOg ; 11*65 per cent. H^O ; and 43*27 per cent. 
MoOg ; and hence agree with the formula K20.As205.2Mo03,5H20, 

93. yhe element manganese is commonly classed as a metal. Point out how 
this is Justified. There are, however, some compounds of manganese, the study 
of which would lead to its classification with other elements certainly not metals. 
Give an account of any of these you can, and say what comparisons they suggest 
to you, 

94. When 0*2041 grm. of anhydrous ferrous chloride was exposed to ammonia 
gas at 18*52°, H. Wolfram (1913) found that 236*1 o.o. were absorbed. Barometer 
746 mm, Show that this very nearly corresponds with the formation of 

96. Show that the heat of formation of phosphorus nitride, PgNg, from red 
5 phosphorus is nearly 70*4 cals., given the heats of combustion of the nitride P3N5 
: to nitrogen and phosphorus pentoxidels 474*7 cals., and of red phosphorus 370*8 
I cals, S and further, that the heat of' formation of , the,, nitride from colourless 
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pliospliorus is 81*5 cals*, given the heat of combustion of colourless j)l^osphoms 
',362*4 cals,',; ■ ' 

96. 0. Bammelsberg (184:1) analyzed a crystalline salt obtained by treating 
antimony peritastilphide with concentrated potassium hydroxide, and found 
K, 23*40* Sfo, 37*80 S, 18*19 j- O, 7*30 ; water, 13*30 ; and he considered these 
numbers agreed satisfactorily with the formula K 3 SbS 4 .KBb 03 . 5 Hj, 0 . Is the 
formula in accord with the observed data ? Show that the theory for the formula 
requires K, 23*00 1 Sb, 37*86 I S, 18*89 ; O, 7*04 ; HgO, 13*20, a suffieientiy close 
approximation. 

97. Discuss the subject of the luminosity of flame, and account for tlie fact 
that compressed hydrogen and oxygen burn with luminosity, also that when the 
mixed gases are exploded in a confined space the flash is luminous. What recently 
ascertained fact proves that a hydrocarbon flame contains glowing particles of 
solid matter ? — Science and Art De'pt, 

98. Calculate the composition of a gas from the following analytical data 
Original volume of gas in burette .... 

Bemainder after treatment with caustic potash 

„ „ „ potassium pyrogallat© 

„ ,, „ cuprous chloride 

Half of the residual gas was expelled, leaving . 

Air was added, making a volume of 

After combustion 

City and Guilds London Inst, 

100 — 94*6 ~ 5*4 c.c. COg, oxygen nil (p. 687) ; 94*6 — 70*0 = 24*0 c.c. 
833) ; 87*3 - 76*1 = 11*2, and (11*2 x f ) X 2 = 14*92 c.c. liydrogeft' ; 
100 — (6*4 4- 24*0 + 14*92) = 65*68 c.c. of nitrogen. 

99. In the determination of the composition of a sample of gas by HempeF.s 
burette, the following results were obtained. From the data given calculate the 
percentage of the gas : — 

Gas taken . . . . . . ... 100 


100 c.c. 
94*6 c.c. 
94*6 c.c. 
70*6 c.c. 
36*3 c.c. 
87*3 c.c. 
76*1 c.c. 


Hint : 
CO (p. 


After absorption by caustic potash 

„ „ by potassium pyrogallat© 

„ „ fuming HaSO^ . . . 

„ „ cuprous chloride , 


c.c. 
93*3 c.c. 
98*0 c.c, 
93*9 C.C. 
87*8 c.c. 


20 c.c. of the gas were then transferred to the burette, and 46 c.c. of air added, 
and the mixture passed over palladiumized asbestos. The volume after com- 
bustion was 50*5 c.c. to 60*5 c.c, of gas ; 22 c.c, of oxygen TPere added, the mixture 
exploded, and the COg absorbed by caustic potash. The volume after explosion 
was 54*5 C.C., and after the absorption of COg, 45*5 c.c. — City and Guilds London 
Inst. Answer : 1*7 per cent. COg, 0*3 oxygen (p. 687) ; 4*1 olefines, etc. (p. 855), 
0*1 CO (p. 833) } 20 -f 48 = 66 ; 66 - 60*6 = 16*5 ; 16*5 X | = 10*3 c.c. per 

20 c.c. of gas ; ^ of 10*3 x 87*8 ~ 45*21 per cent, of hydrogen (p. 850) ; 64*5 — 
45*5 — 90 C.C. of COg, equivalent to 9*0 c.c, CH^ per 20 c.c, of gas ; i/y of 9 X 
87*8 = 39*5 per cent, of CH,. 

100. Compare the cost of obtaining 1000 Cals, of heat by electricity at Id. per 
kilowatt-hour ; of oil fuel at \d. per kilogram (per 8790 Cals.), and of coal-gus at 
yt, per cubic metre (per 6000 Cals.). Hint : One kilowatt-hour is equivalent to 
864 Cals. (p. 698). Hence the cost of electricity is to that of oil fuel is to that 
of coal-gas as 1*172 : 0*0282 : 0*026d. 

101* Give in detail practical methods by which two of the following bodies 
may be prepared in a crystalline state ; hydroxlyamine, phosphorus oxide, sodium 
azoimido, nitrosulphonie acid. — Owens Coll, 

102. Describe and exj:)lain the changes, if any, w’hich are observed in any 
i/ifee of the following experiments ; (a) Metallic copper is heated w'ith concentrated 
sulphuric acid, ih) Ammonium dichromate is heated in air. (c) Hydrochloric 
acid is added to water containing potassium bromide and potassirmi bromate 
in solution, (d) Dilute nitric acid is added to ** red lead.” (e) Water in excess 
is added to a solution of bismuth chloride, — Hoard of Educ. 

103, Explain, with examples, the meaning of the following terms ; (a) 
oxidizing agents, (5) reducing agents, aassify the following as oxidizing agents 
or reducing agents, giving one example of their action in each case, and stating 
clearly the ex^rimental conditions under winch : such action takes place; 
Hydrogen, nitric acid, nitrous acid, sulphuretted hydrogen, hydrogen peroxide, 
hydrogen iodide, ozono.~Board of Edm^ 
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104. How would .you distinguish between; (a) nitrous oxide ■ and oxygeiij,' 
(o) ethylene and acetylene, (c) carbon tetrachloride .and silicon tetrachloride ?— > 

Board of Educ., 

105. Wdiat is meant by the terms;, (a) “hard water,” (6), “ soft water,” 
.(c) “^temporary hardness,” (d) “ permanent hardness Wliat is the cause of 
f®) “ temporary hardness,” (5) “ permanent hardness,” of water, and how may 
©acli of these kinds of “ hardness ” be removed ? — Board of Educ, 

106. hat are the principal ores of chromium ? How is potasshmi dicliromate 
usually prepared commercially ? Starting from potassium dichroniate, how 
would you prepare (a) chromium sulphate, (6) chromium oxychloride, (c) potas- 
sium chromate ? — Board of Educ, 

107. State and ^ explain carefully the law of Mass Action, supplying at least 
. one illustration of its application to gases, one to solutions, and one to a reaction 

between a ^gas and a solid.-— Board of Educ. 

108. Give, with equations, the reactions by which you would detect in the 
presence of each other ; ' a sulphide, sulphite, sulphate and thiosulphate ; a 
chloride, bromide, nitrite, and nitrate. — Board of Educ. 

109. Explain the terms (a) enantiotropic, (6) transition point, and describe 
some method by which the latter can be determined.— Board of Educ. 

110. Outline the conditions under which persulphuric acid may be formed. 
What are the chief properties of the acid and of its salts ? What formizla would 
you assign to the acid, and why ? — Board of E dm. 

111. What is the action on a solution of copper sulphate of the following 
substances, also in solution : (o) caustic soda, (6) potassium hypophosphite, (c) 
potassium oyanide, (d) potassium iodide, (e) sulphur dioxide, and (/) potassium 
thiocyanate ? Give equations. Describe a volumetric method of determining 
copper based on any of these reactions. — Board of Edm. 

112. Give an account of the production of “ cyanide ” from either (o) ammonia, 
or (5) thiocyanate (from gas liquor). For what industrial purposes is “ cyanide ” 
required t How may (a) cyanogen, (6) Prussian blue, (c) carbon monoxide be 
obtained from potassium cyanide "t— Board of Educ. 

113. Describe in sufficient detail the modern “lead chamber” process for 

the manufacture of sulphuric acid, and discuss the theory of the reactions involved. 
-^Board of Educ. , , , 

114. (a) Describe the properties of radium compounds, {h) In what respects 
does radium dffier from most other elements ^’—Harvard Univ. 

115. Describe the process of extraction of radium from pitchblende,— 
Calcutta Univ, 

116. What led Crookes to propound his theory of meta-elements How far 
is this theory tenable in the light of modern research — Calcutta Univ. 

117. Give a short account of the chemistry of radium. — Punjab Univ. 

118. How, if at all, have the discoveries of radioactivity influenced chemical 
theory ; or in other ■words, give a sketch of the theory of radioactivity and its 
relation to the atomic theory. — Punjab Univ. 

119. Give an account of recent work with radium and the degradation of 
other elements.— Gape Univ. 

120. Tfie price of radium salts in a catalogue (1913) is quoted at the rate of 
£12,500 per gram for both radium chloride and radium bromide. Other things 
being equal, which do you consider the more advantageous mod© of purch^e ? 

i"2L Name the principal “impurities” which are usually present in the 
air of toxvns. How could you determine the amount of any two of these sub- 
stances present in 100 volumes of air ? How does town air differ from country 
air, and hoxv may these differences be accounted for ? — Board of Educ. ^ ^ 

122* Under ^v-hat circumstances, if any, does water react chemically 
tile following substances : Sodium peroxide, sodium amalgam, calcium carbide, 
silicon tetrafluoride, and phosphorus pentachlorid© ? Explain briefly the nature 
of the chemical changes taking place in each case. — Board of Edm. 

123. Describe fully an experiment by means of which it may be shown that 

sulphur dioxide gas contains its own volume of oxygen. Explain clearly the 
reactions, if any, %v'hioh occur when this gas is passed into each of the following 
liquids: («•) lime-water; (b) caustic soda solution,^ (c) an acidified solution of 
potassium permanganate, (d) potassium iodate solution, (e) fuming nitric acid. 
Board of Educ. . ^ , r \ t j 

124. Starting from lead sulphide, describe how you would prepare [a] lead, 
{b\ litharge, (c) “ red lead,” (d) white ftad ? How woffid you detect the presence 
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oC lead peroxide and o£ lead chloride in a mixfcnre of tlieso two substances 
B0ardof''Mduc*.: .- 

l2o» How do you explain the following : (a) A solution of sodium silicate is 
retidily decomposed by weak acids, but sodium Bulpliate heatod s.it a- high tem« 
perature with silica forms sodium silicate ? (6) Barium peroxide heated at a 

certain temperature under reduced pressure forms barium monoxide with the 
liberation of oxygen, whereas barium monoxide heated at the same temperature 
under increased pressure combines ■'with oxygen forming barium dioxide ?— 
Board of Educ* 

126* Make a comparison of the compounds of carbon and silicon, so as to 
reveal the relationship existing between them. What suggestion can be made 
to account for the fact that carbon dioxide is a gas, wheroas silica is a solid of 
high melting point ? Wliat abnormalities are found in connection with the 
specific heats of the two elements Boord of Educ* 

127. Explain how the valency of an element is connected with the position 
of the element in the Periodic table. What are the reasons for the positions 
assigned to (a) hydrogen, (6) manganese or copper, in the table ‘t’^Board of 
Education* 

128. What reactions take place when atmospheric nitrogen is passed over (a) 
calcium, (6) calcium carbide, (c) barium carbide, (d) calcium hydride ? What 
action, if any, has water on (1) the substances named, (2) the products obtained ? 
— Board of Educ. 

129. What do you understand bj?’ the term “ relative migration velocity ” ? 
In what way is the relative migration velocity connected with the molecular 
conductivity of an electrolyte ? . Describe an experiment by whicli such a velocity 
can be determined.— Board of Educ* 

130. What is meant by the term “ hydrolysis ” ? Explain clearly tlie various 
factors which influence the degree of hj^^drolytio dissociation. State and explain 
what occurs when potassium cyanide, ferric chloride, and borax are separately 
dissolved in water ; and what happens when ammonium carbonate is added to 
a solution of aluminium sulphate , — Board of Educ. 

131. Explain what occurs when carbon monoxide reacts with (a) ammoniaeai 
cuprous chloride, (d) chlorine, (c) nickel, (d) iron. Describe the properties of 
the several products and the conditions under which they are obtained. Ha,ve 
any of these products received technical application, and for what purposes, if 
any, is each applied ? — Board of Educ* 
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^Abnormal, meaning of, 261 
Abraiirnsalze, 266 ' 

Absolute temperature, 105 
— “ — zero, 105 
Absorption, 125 
— ■ — coefficient, 827 
— eompounds, 777. 

■ gases by charcoal, 885 

— - — liquids, 886 

solids, 886 . ■ 

Accumulators, 978 
Acetylene, 855, 860 
— — properties, 857 
series, 869 
Aeetylides, 858 
— — , copper, 858 
Acid, 166, 167 , 

phosphates, 725 

sulphites, 505 

Acidimetry,'"172 . 

Acidity of bases, 346 
x4,eids, binary, 168 ' 

, ionic theory of, 380 

, Lavoisier’s oxygen theorjq 167 

• , strength of, ionic theory, 383 

strong,, 372 
— ternary, 169 
weak, "372 

Actiniuin, 102,'2' ' 

.■Activema8S,.'12I " A' 

Addition products, 855 
Additive properties, 32, 147 
Adsorption, 885 
/Ether, 1044 

Affinity, chemical, 112, 116, 448 

, residual, 791 

Air, 23, 82 
— , analysis of, 686 
— Ijavoisier on, 22 

, mixture or compound, 685 

, preserving liquid, 161 

pressure of, 96 
— primary, 874 

19 . . ,, „ , 

, secondary, 877 • ■ 

, weight of, 93 

Alabaster, 6S4 
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Albite, 953 
Alchemy, 1039 
Alcogeis, 300 

Alcohol of crystallization, 533 
Alcosols, 300 
Alexandrite, 567 
Alite, 396 
Alkali, 414 

— — , ammonia-soda process, 821 

, biearbonates, 808 

— — , carbonates, 808 

, caustic, 416 

— , electrolytic processes, 821 
— — ^ family relations, 429 
— — , fixed, 414 

, Leblanc’s black ash process, 820 

manufacture, 820 

, mild, 416 

_ , mineral, 414 

-- — , phosphides, 711 

, Solvay’s process, 821 

, sulphides, 489 

, Thomsen’s cryolite process, 82! 

, vegetable, 414 

— ' — , volatile, 414 
Alkalies, Black’s work on, 416 
Alkalimetry, 172 

Alkaline earths, Black’s work on, 416 

^ family relations, 398 

^ sulphides, 491 

Allotropism, 669 
Allotropy, 304, 482 

, dynamic, 484 

— — , enantiomorphie, 484 

, monotropic, 484 

Alloys, non-corrosive, 607 
Alluvial gold, 469 
Alpha rays, 1023 
Aludel, 405 
Alum, 640 

, cake, 640 

, ferric cake, 640 

, Boman, 642 

Alumina, 776 
Aluminates, 777, 778 
Aluminium, 772 

, activated, 775 , ■ 

alloys, 776 
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Aluminium bronze, 453 

carbonate, 813 

• chloride, 383 

tludri€ie,':328''':''; 

, H6roulfc*s process, 773 

hydroxide, 776'' 

isolation, 772 

—“-■nitride, 679' 

^■— --»voxid'©,.776, 779 ' 
■'~-“:pero'xide,. 778 

sulphate, 540 

sul|)hide, 494 

Aiuminodisilicic acid, 953 
Aiuminohexasilicic acid, 953 
Aluminopentasilicic acid, 963 
Aiuminosilieates, 963 
Aluminotetrasilicic acid, 963 
Aluminothermio process, 668 
Aluminotrisilicic acid, 953 
Alum -stone, 642 
Alunite, 642 
Alunogen, 640 

Amalgamation processes, gold, 401 

silver, 467 

Amalgams, 407 
Amblygonite, 427 
Amides, 667 

Amido-sulphinic acid, 668 
Amido-sulphonio acid, 667, 668 
Amines, 663 

Anamines, nomenclature of, 794 
Ammonia, 638, 648, 684, 873 

, composition of, 660 

, double compounds, 662 

, identification, 657 

, liquid, 652 

, monohydrate, 661 

, preparation, 646 

, properties, 651 

, semi-hydrate, 661 

, solid, 662 

substituted, 663 

, uses, 650 

Ammonium, 666 

aluminate, 778 

amalgam, 656 

r carbamate, 814 

carbonate, 814 

chloride, 668, 792 

dissociation, 669 

chloroplatinate, 786 

chloroplumbate, 297 

chlorostannate, 296 

chromate, 562 

oyanate, 941 

dichromate, 561 

formate, 938 

hydrocarbonate, 814 ■ 

hydroxide, 651, 656 

■ imidosulphamide, 668 

lead sulphate, 539 

molybdate, 671 

nitrate, 658 

— nitrite, 658 
: peroxide, 653 


Ammonium salts, CJ57 

sesquicarboiu'ite, 814 

sulphate, 658 

syngenito, 636 

thiocyamite,' 94:1 

trinitride, 672 

Amorphous solids, 478 
— — “Structure, 211 
Ampere, 357, 437 
Amphoteric oxides, 174 
Amygdalin, 939 
Anabolic processes, 905 
Analogy, argument by, 246, 264 
Analysis, 35 

, electro, 445 

, gunpowder, 3G 

mixtures, oxvgen and nitx’Ogen, 

636 

Analytical reactions, 861 
Anatase, 981 
Andalusite, 951 
Anglesite, 639, 973 
Anhydride, 533 
Anhydrides, 176 
Anhydrite, 265, 534 
Anhydrous, 533 
Anions, 38 
Anode, 38 
mud, 456 

Anorthio system of crystals, 209 
Anorthite, 963 
Anthion, 548 
Anthracite, 890 
Antimonates, 765 
Antimonic acids, 754 
Antimonious acid, 751 
Antimonites, 761 
Antimoniuretted hydrogen, 744 
Antimony, 740 

, allotropism, 741 

,n,741 , , 

, amorphous, 741 

, B, 741 

, black, 741 

blende, 740 

bloom, 740 

, explosive, 741 

grey ore, 740 

hydride, 744 

. — nitrate, 761 

— ■ — ocre, 740 
oxychloride, 748 

— pentachloride, 7 48 

pentasulphide, 758 * 

pentoxide, 754 

preparation, 740 
properties, 740 

— rhombohedral, 741 

sulphate, 741, 751 

tetroxide, 754, 755 

trichloride, 747 

trioxide, 751 

— trisulphide, 756 

— , yellow, 741 
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Antimonyl, 752 
— — ■ nitrate, 762 

sulphate, 752 

Antitype isomerism, 627 
Apatite, 704 

, cililor, 704 

, fiuor, 704 

Apollinaris, water,. 179 
Aqiiadag, 894 
Aqua dissoiutiva, 624 

fortis, 624 

— marine, 400 

— regia, 295, 622 
Aragonite, 390 

Arc electric .furnace, 898 
Arconium, 1061 
.Argentic oxide, 467 . 

Argeiitite, 455 
Argeiitoid, 607 
A,rge,ntous hydroxide, 465 
— — oxide, 465 
Argon, 688 
Argyrodite, 966 
Arithmetic, chemical, 85 
Arsenic, 737 

acid, action hydrogen sulphide, 758 

, allotropism,' 738 

~ — , alpha, 738 
-- — ., beta, 739 

, black, 739 

.dihydride, 747 

■ , disulphide, 757 

., gamma, 737 

, grey, 737 

.hydride, 744 

oxychloride, 747 

— — pentachloride, 747 

pentahuoride, 747 

pentasulphide, 757 

pentiodide, 747 

^ pentoxide, 753 ■ ' ' 

preparation, 737 

suboxide, 739, 748 

sulphate, 738 

tri bromide, 747 

trichloride, 747 

trifluoride, 747 

triodide, 747 

trioxicie, ^748 

amorx^hous, 740 

octohedral, 749 

— rliombic, 749 

— , vita'.eous, 749 

*trisulpiiide, 756 

, yellow, 738 

Arsenical iron, 737 

— pyrites, 737 
Arsenides, 738 
Arsenious acid, 750 
Arseniies, 750 
Arsenolito, 737 

Arsen urettcd hydrogen. See Arsine 

Arsine, 744 , , , ' 

Asbosfccfs, 401 'I 

Ascharite, 767 _ ,• .■ 


Asphalt, 873 
Asphaltum, 864 
Assimilation, 907 
Asterium, 1008 

Asteroid theory of rare earths, 998 

Astralsanite, 266 

Asymmetric system crystals, ■ 209 

Atacamite, 294 

Atmoiysis, 129 

Atmosphere, 93, 681 

, composition of, 681 

, height of, 96. 

, impurities in, 684 

Atom, 60, 137, 1038 
— — , structure of, 1046 
Atomic cataclysm, 1055 

heat, 695 

number, 1016 

— — theory, 47 

volumes, 353, 430 

weights, 49, 79, 80 

— ^ by Dulong and Petit’s rule, 

697 

^ by isomorphism, 217 . - 

^ by molecular heats, 699 

— ^ by periodic law, 996, 997 

from spectral lines, 1003 

— , oxygen standard, 82 

Atomicity, 90 

Atoms, disintegration, of, 1034 

, energy of^, 149 

kinetic theory of, 146 

Attraction, molecular, 139, 140 
Auer metal, 983 
Augustin’s process, silver, 456 
Aurates, 466 
Auric acid, 466 

aurate, 466 

chloride, 295 

hydroxide, 466 

nitrate, 466 

oxide, 466 

sulphate, 466 

Aurous bromide, 323 

chloride, 295 

chloroaurate, 43 S 

hydroxide, 465 

iodide, 323 

oxide, 465 

Austenite, 600 

Autoxidation, 229 

Avogadro’s hypothesis, 73, 140, 251 

Azides, 672 

Azoimide, 671 

Azote, 23 

Azulmic acid, 940 

Azure copper ore, 813 

Azurite, 451, 813 


Baking soda, 81 1 
Balanced, reactions, 121 
Barium, 396 
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Barium'' 'bromale,', ' 342' „ ' '■ 

carboiiatey 3''9.'5.''; - ' ■■ ; 

chlorate, 339 

chloride, .28'S'' ■ 

jxiaa^faeiure,: 290 ;■'. 

chromate, 562 

— dithionate, 549 

hydroxide, 396 

hyponitnte, 627 

~ hypophospliite, 732 

iodate, 348 

nickeiate, 804 

• — - oxide, 306 
— — permanganate, 680 

peroxide, 396 

sulphate, 636 

, acid, 637 

Barysiiite, 951 
Barytes, 396, 398, 536 
Base, 166, 173 

metals, 460 

Bases, ionic theory of, 38 1 

, strength of ionic theory, 383 

, strong, 372 

, weak, 372 

Basic salts, 172 
Basicity, 90 

• of acids, 346 

Bauxite, 772, 774 
- — , purification of, 774 
Bay salt, 269 
Becquerehs rays, 1020 
Beehive, 68 

coke oven, 891 

Beggiatoa alba, 472 
Bell metal, 453 
Benzene, 858, 859 
Benzine, 864 
Benzoline, 864 
Berlin blue, 935 
Bertheiot’s ozone tube, 221 
Beryl, 400 
Beryllia, 400 
Beryllium, 400 

, atomic weight, 401 

oxide, 402 

properties, 402 

specific heat, 695 

Berzelius* dualistic theory, 361 
Beta rays, 1024 
Bicarbonates, 808 
Bimolecular reactions, 315 
Binary compounds, 168 
Bismite, 742 
Bismuth, 742 

alloys, 743 

glance, 742 

— — hydrates, 753 
— ■ — hydride, 744 
nitrate, 743, 753 

742 

' oxychloride, 747. 753 
-- — - pentasulphide, 758 ; . 

pentoxide, 755, 756 

, preparation, 742 


■'.Bismuth':' proper ties, 7 43 
— suboxide, 752 

sulphate, 743, 763 
— , tetroxkle, 765 
' tribromide, 74S 

trichloride, 748, 753 

— trifluoride, 748 
triiodide, '748. 

' tiioxides '752, 

trisulphide, 767 

Bismuthic acids, 755 
Bismuthite, 742 
Bismuthyi, 748 
— chloride. 748 
Bisulphites, 605 
Bittern, 269 
Bituminous coal, 890 
Bivaj'iant system, 196 
Blackband ironstone, 691 
Black diamonds, 896 
jack, 403 
— — • lead, 892 
Blagden’s law, 192 
Blast furnace, 692 
Bleaching, 338 
— powder, 336 

, bromine, 347 

, evaluation of, 337 

, iodine, 347 

Blood charcoal, 885 
Blue-john, 324 
Blue vitriol, 630 
Boart, 896 
Bog iron ore, 687 
Boiler scale, 819 
Boiling, 188 

constant, 256 

curve, 833 

— — point, 188 

of solutions, 256 

Bolognian phosphorus, 398, 492 
Bone ash, 702 

black, 885 

Bones, 702 

, degreased, 702 

, degeiatinized, 702 

Bononian phosphorus. 8ee Bolognian 
phosphorus 
Boracic acid, 765 
Boracite, 266, 767 
Borax 767 
beads, 768 

titration. 768 ^ 

Boric acid, 7 66 

titration, 766 

oxide, 766 

Borides, 769 
Borocalcite, 767 
Borofluoridcs, 772 
Boron, 769 

acid sulphate, 767 

aluminium family, 780 " , 

-r — , amorphous, 769 
— 3 =-, crystallized, 769 
' ‘-hydrides^ 771 
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Boron nitride, 769 ' 

peiitasulpliide, 770 ' 

phosphate, 780 

— — phosphide, 770 

, specific hea,t, 695 

siilpMdc^, 770 ' 

tribroiriide, ,771 

— tricliioride, 77i' 

— — • trifluoride, 771 

triiodide, 77 i 

trioxide, 766 

Boronatrocalcite, 767 
Borosilicates, „ 767 
Bort. See Boart 
Boyle's law, 96, 139, 249 

— ^ deviations from, 99 

Bi'ass, 453, , 

Braiinite, 577, 582 
Bread, SOI 
Bricks, 955 
Brimstone, 473 
Brings process oxygen, 159 
Britannia metal, 740 
British thermal unit, 865 
Brodie’s ozone tube, 221 ■, 

reaction, 893 

Broggerite, 690 
Bmmic acid, 347 
'Bromide, 311, 322 
'Bromine, 307 
, atomic weight, 308 

■ history, 307" 

■ hydrate, 308 

manufacture, 308 

monochloridc, 331 

occurrence, 307 

properties, 308 

purification, 308 

' trifiiioride, 331 

■ uses, 308 

Bromous acid, 347 
Bronze aluminium, 453 
manganese, 453 

phosphor, 453 

Bronzing powders, 572 
Brookite, 981 
Brown coal, 890 

, oil of vitriol, 620 

Brownian movement, 145 
Bii roping, 199 
Bunsen’s burner, 926 

— cell, 441 

thchromate cell, 441 

flame, 927 

0 

Cacodyl, 747 
Cadmium, 403 
__ — ^ atomic weight of, 408 

carbonate, 813 

hydroxide, 409 
— inonoxide, 409 

occurrence, 404 ' • 

— > — pex'oxide, 409 •; 


Cadmium, preparation, 405 

properties of, 406 

sulphide, 492 

thiochloride, 492 

uses, 409 

Cadmous chloride, 409 

" hydroxide, 410 

— ■ — oxide, 410 
Csesium, 427 

chloroplatinate, 428, 786 

chlorost annate, 428 

Caking coal, 890 
Calamine, 403, 813 
Calcaroni, 472 
Calcination, 19 
Calcite, 390 
Calcium, 396 

antimonide, 746 

bicarbonate, 812 

■ boride, 770 

carbide, 888 

carbonate, 390, 812 

— , action of heat on, 392 

_ — ^ dissociation of, 392 

chlorate, 334 

~ chloride, 285 

— — manufacture, 290 

chromate, 662 

— — cyanamide, 936 
- — , family relations of, 398 

ferrite, 604 

fluoride, 324 

hydroxide, 394 

hypochlorite, 334, 336 

manganite, 577 

metaplumbate, 976 

metasilicate, 951 

mono -phosphate, 726 

orthophosphates, 726 

orthoplumbate, 977 

oxide, 394 

pentasulphide, 491 

— — peroxide, 596 

j)hosphide, 711 

properties, 397 

silieide, 963 

sulphate, 534 

sulphide, 491 

tetrasulphide, 491 

thiocarbonate, 843 

Calcspar, 390 
Caliche, 613 

Callendar’s hypothesis osmotic pres- 
sure, 264 
Calomel, 292 
Calorie, 186, 238 
Calorific power, 866 
Calx (calces), 19 
Canhel coal, 890 
Canton’s phosphorus, 491 
Capacity factor energy, 448 
Carat, 461 
Carbamic acid, 814 
Carbides, 887 
Carbon, amorphous, 882 
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Carbon atom, S51 
—— boride, 769 
- — — cyanide, 040 

■ dicarbonyl, 839 

— dioxide, 683, 800 

composition, 806 

^ determination of, 809 

, liquid, 806 

— properties, 802 

^ solid, 806 

■ disulphide, 842 

, family elements, 980 

gas, 873 

hexachloride, 969 

monosulphide, 844 

monoxide, 883 

^ combustion of, 836 

, composition, 837 

properties, 835 

testing, 838 

, oxidation of, 874 

oxysulphide, 839 

properties amorphous, 886 

silicide, 961 

, specific heat, 695 

suboxides, 838 

, Berthelot’s, 838 

^ Brodie*s, 838 

, Diels’, 838 

subsuiphide, 844 

sulphoselenide, 844 

sulphoteliuride, 844 

tetrachloride, 860, 967, 968 

Carbonado, 895 
Carbonates, 808 
Carbonic acid, 808 

anhydride, 808 

Carbonyl, 839 

■ chloride, 839 

hsemoglobin, 837 

platinous chlorides, 786 

sulphide, 839 

Carborundum, 961 
Carburetted water gas, 879 
Carnallite, 266, 270, 401 
Carnegieite, 953 
Carnotite, 673, 761 
Caro’s acid, 644 
Cassel’s yellow, 297 
Cassiterite, 967 

Castner^s process, chlorine, 279 

; — ^ sodium, 419 

Castorite, 427 
Catalysis, 160, 317, 621 
Catalytic agents, 124 
Cathode, 38 

rays, 1011 

Cations, 38 
Cause, 13 

Celestine, 396, 398, 636 

- Celtium, 984 
Cement, Keene’s, 636 
, Parian, 636 

j Scott’s selenitic, 636 

Cementite, 600 


. Cementite , carbon, 600 
Cerium, 983 
Cerussite, 073 
Caylonite, 778 
Chalcedony, 947 
Chalcocite, 461 
.Chalcopyrite, 461, 687 
Chalk, 392 

Chalybeate waters, . 178 , 

■ Chamber cystals, 618' ■ 

Charcoal, 883 
— , active, 886 
- — animal, 886 

tiood, 886 

, hone, 885 
— kiln, 884 
— , — pit, 883 
— — retort, 884 
— ~ — wood, 883 
Charles’ law, 103, 140, 260 

, •deviations from, 106 

Chemical action, kinetic theory, 315 

kinds of, 861 

■ affinity, 448 

changes, 30 

— — combination, 1052 
— — energy, 136 
— — intensity, 448 
— potential, 448 
Chemicals, 40 
Chemistry, evolution of, 1 
— -, definition of, 9 
Chert, 947 
Chili saltpetre, 611 
China clay, 955 

rock, 956 

Chiorapatite, 704 
Chlorates, 340 
Chlorazide, 672 
Chloric acid, 340 
Chlorides, 274 
— — , double, 286 

, heat formation, 286 

in atmospheric air, 684 

, solubility of, 288 

Chlorination process, gold, 462 
Chlorine, 276 

, Acker’s process, 279 

action, light on, 281 

, atomic weight, 284 

, Castner’s process, 279 

compounds in atmosphere, 6S4 

— - — , Deacon’s process, 277 

, dissociation, 282 

, electrolytic processes, 278 

heptoxide, 345 

liquefaction, 280 

monoxide, 333 

octohydrate, 280 

pentoxide, 340 

' — peroxide, 341 
. ; prepaSicffii'f 276;. 
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CMoriiie, valency of ^ 346 . 

— ^ — water, 280 

j, Weldon -P^climey’s process, 277 

CMorites, 343 
Cliioroaiirates, 295, 465 
Ghlorochromic acid, 663 . 

Ohioroform, 960 
Chloropalladites, 787 
Cliloroplatinates, 786 ■ 

CMoropIatiiiites, 786 
Gliiorosfcannates, 296 
Chlorosulplionic acid, 607 
Chlorous acid, 343 
Gtiromates, 66 i ' 

Chromatium, Okeini, 472 
Chrome iron ore, 659 " 

■ ironstone,' 659 

ochre, 668 

•" — - steel, 569 
Chromic acid, 660 

anhydride, 660 

chloride, 304 

hydrosel, 567 

hydroxide, 567 

metaphosphate, 72S 

sulphate, 542 

triamminotetroxide, 564 

Chromite, 559, ^78 
Chromites, 567 
Chromium, 567 

amraines, 798 

, atomic weight, 569 

chlorides, 798 

, family elements, 573 

hydroxide, 666 ' 

•— — occurrence, 567 

preparation, 568 

properties, 569 

sesquioxide, 666 

tetroxide, 664 

trioxide, 560 

— uses, 569 

Ghromopyrosulphuric acid, 542 
Chroraosulphuric acid, 542 
Chromous acid, 567 

chloride, 304 

metaphosphate, 728 

oxide, 566 

Chromyl chloride, 563 

fluoride, 563 

Clirysoberyi, 778 
Cinnabar, 405, 472, 493 
Circular definitions, 117 
equation, 105 

Clarke’s process, softening water, 817 

_ — standard cell, 442 

Claude’s process, oxygen and nitrogen, 

Claus and Chance’s process, recovery 
sulphur, 821 
Clays, 772, 955 

formation of, 954 
Cleveite, 690 

Clinorhombic system crystals, 209 
CHnorhomboidal system crystals, 209 


Coal, 8SS 

, formation, 888 

— gas, 870 
Cobalt, 605 

aluminate, 608' ' 

ammines, 796 

— carbonyl, 841 

ferrite, 604 

glance, 606, 737 

, separation of nickel, 797 

speiss, 606 

tin white, 737 

■ zincate, 608 

Cobaltic hydroxide, 603 

oxide, 603 

sulphate, 543 

Cobaltite, 606, 737 
Cobalto-cobaltic oxide, 604 
Gobaltous acid, 605 
— — chloride, 305 

hydroxide, 602 

oxide, 602 

Coins, British copper, 452 

, nickel, 453 

Coke, 873, 891 
Coking coal, 890 
Colemanite, 767 
Colligative properties, 251 
Colloidal precipitate, 463 
Colloids, 298 

, irreversible, 463 

, reversible, 463 

Columbium, 760 
Combination reactions, 861 
Combining weight, 43 
Combustible, 914 
Combustion, 900, 903 

, Mayow on, 900 

preferential, 922 

, reciprocal, 914 

, reverse, 914 

, selective, 922 

, slow, 905 

, spontaneous, 904 

, surface, 923 

supporter, 914 

, temperature of, 867 

, theory of, 923 

Component, 195 
Compound salts, 652 
Compounds, 30 

, formulse of, 78 

, impurities in, 39 

, naming, 53 

Concentration, 189 

cells, 438 

Condensation, 861 
products, 546 

Conductivity, equivalent electrical, 

. , electrolytic, 370 

Condy’s fluid, 583 
Constant boiling acid, 273 
Constitution of carbon compounds, 860 
matter, 999 
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Constituthre properties, 264 ■ 

Contact action, ' Oatalysis'' 
Co-ordination numb©i% 791 
Copper, 467 , 

— — acetylide, 868 

atomic 'Weight, '462; 

— — 'blister, 464. 

-——- carbonate, 813 , 

dioxide, 466, , 

— , extraction '.of, 463, 
family' relations of, 467 
— ferrite, ,6,04 

glance, 490 

Mstory, .461 '■ 

hydride, 612, 732 

nitrate, 462, 630 
.... — . basic,, 630 
_ — nitroxyl, 644 ■ 

— - occurrence, 641 

- oxide," 466, . 

peroxide, 466 

phosphide, 710 

properties, 462 

pyrites, 472, 461 

quadranto -oxide, 466 

refining, 454 

silicide, 964 

suboxide, 466 

sulphates -ammonio, 630 

sulphates, basic, 630 

sulphides, 490 

uses, 462 

Copperas, 637 
Coprolites, 704 
Coral, 390 
Cornish stone, 955 
Coronium, 1008 
Corpse light, 913 
Corrosive sublimate, 291 
Corubin, 568 
Corundum, 772 
Coslettizing, 590 
Costra, 613 
Coulomb, 357 
Couples, voltaic, 439 
Co -volume molecules, 829 
Cowper’s stove, 692 
Cream of tartar, SIX 
Oristobalite, 946 
Crith, 122, 

Critical state gases, 831 

pressure, 832 

temperature, 832 

— ^ — volume, 832 
Croceocobaltic chloride, 797 
Crocoisite, 568 
Oocoite, 568 
Crocosite, 973 
Crookes* dark space, 1011 
Crookesite, 780 
Crum’s test, 689 , .. 

Cryohydrate, 193 
, Ci'yolite, 328, 772 ' ’ . ■ - 

Cryosel, 193 , 

Or^tocrystalline structure, 947 


Crystalline structure, 211 
Crystallization, 203,' 

fractional, .204, 266 

'Water of, 2'86 

Crystallography, ,209. 

.Crystalloids, 299' . ■ ■ 

Crystals, 206 
--—^j.distorted, 207' , 

- — -, growth of, 211 

, habit, 207 

- — ”, hemihedral, 946 
, holohedral, 946 
- — ideal, 207, 20S 

internal structure, 210 
mixed, 215, 663 
, overgrowths, 216 

— Retger’s'law of, 2X6'.. 

system classification, 209 

— - tetrahedral, 946 
— — - X-rays and structure of 212 
Cubic system crystals, 210 
Cupellation, 462 
Cupric chloride, 293 

cyanide, 940 

hydroxide, 566 

oxide, 466 

sulphate, 530 

sulphide, 490 

Cuprite, 451 

Cupro -manganese, 583 

Cuprous chloride, 293, 465 

cyanide, 940 

iodide, 323 

oxide, 464 

sulphate, 465 

sulphide, 490 

sulphite, 465 

tetramminosulphate, 531 

thiosulphate, 465 

Current, residual, 442 
Cyamelide, 941 
Oyanamide, 936 
Cyanates, 940 
Cyanic acid, 941 
Cyanide i>rocess, gold, 462 

- — — silver," 4'56'.;; ■ 

Cyanides, 935, 938 

, complex, 936 

, manufacture of, 936 

Cyanite, 951 
Cyanogen, 939 

bromide, 938 

chloride, 938 ^ 

hydrazoate, 9 38 

trinitride, 938 

Cyanurio acid, 941 

chloride, 938 

Cymogene, 864 

D 

Dalton’s atomic theory, 

• law of chemical combination, 40 

r— . — of partial ; pressures, 1 01 
= j solubility mixed gases, 828 
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Danieli’s eel!, 4.36 

Davy’s safety lamp, 912, 913' ■■■■■ 

theory luminosity, 926 

Deeaboroii hydridej, 771 
Decomposition reactions, S61 ■ 

voltages, 442 

Deductive method, Bacon’s, 18^- ■■■, 
Degrees of freedom, 196 
Delk|uescenee, 39, 263, 289 ' 
Delivery tube, 68 
Density cu.iTent, 447 
Deo.xidisers, 943 

Deplilogisticated air, 156 ■ '■ - 

Depolarization, 441 ■ 

Depoiymerization, 861 
Deposition pressure, 435 
Der'byshire spar, 324' 
Desiiiotropisrn, 510, 669 
Detonation waves, 910 ■ 

Deville’s hot and cold tube, 229 
■Dew curve, 833 
Dewar’s flask, 152 
Dialog! te, 582 
Dialysis, 298' 

.Dialyzed iron, 299, 602 
Dialyzer; 299, 950 
.Diamagnetism, 684. 

Diamantine, 779 
Diamide, 669 
Diamond,. 894 ■ 

synthesis, 896 

Diaspore, 635, 772 
Diatomaceous earth, 948 
Diatoraite, 948 
Diboron hydride, 771 
Dicalcium phosphate, 720 
Di cliloromethane, S50 
Dichromates, 561 
Dichromic acid, 660 
Dicyandiamide, 936 
Didymium, 986, 986 
Diethyl sulphite, symmetrical, 610 

unsymmetrical, 610 

DifTerenee of potential, 368 
Diffusion, 127, 246 
Dihvdrated sulphuric acid, 525 
Dihjnirol, 1 84 
Diliydrono, 184 
Diimide, 674 

Dimetaphosphoric acid, 728 
jdhuurpiiism, 207, 476 
Dinas bricks, 948 
Dioxjd©, 237 
Diphosphorio acid, 726 
Disodium phosphate, 724 
Dispensoids, 299 
Displacement rule, 1032 
Dissociation, 122, 263, 316 

pressure, 392 

DIatheiie, 951 
Distillation, 180 

- — , destmctivo, 866 , ■ ' 

dry, 866 ' 

fractional, 188, 230 _ ' 

'^ator, 1 80 ■ ' 


Disulphates, 516 
Disulphuric acid, 516 
Dithionie acid, 649 
Dobereiner’s .triads, ■ 990 ' 

Dolomite, 401, 812 

Double oblique system crystals, 200 

— salts, 664 

Dredging gold, 461 

Dualistic theory of Berzelius, 361 

Dulong and 'Petit’s rule, 695, 697, 699 

Dust, 682 

Dutch liquid, 855 

metal, 453 

Dyads, 87 
Dynamite, 869, 949 
Dysprosium, 985 


E 

Earthenwaee, 966 
Bau de Javelles, 335 
Ebullition, 188 
Effect, 13 

Effluorescence, 39, 289 
Effusion gases, 223 
Eggertz’s colour test, 600 
Eka -aluminium, 995 
Eka-boron, 996 
Eka-silicon, 995 
Electric discharges, 1010 

doublet, 1067 

furnace, 897 

resistance furnace, 898 

Electrical pressure, 358 
Electricity, quantity of, 437 
Electro -affinity, 434 
Electro -analysis, 446 
Electrochemical equivalent, 367, 659 

series, 432 

Electro-chemistry, 136 
Electrode, 38 
Electrolysis, 37, 356 
— Faraday’s laws, 368 

, fractional, 446 

Electrolyte, 38 
Electrolytic cell, 37 

tonaces, 898 

processes, silver, 467 

Electromagnetic mass, 10^3 
Electromotive force, 358, 449 
Electronegative element, 1061 
Electrons, 1014 

, negative, 1014 

, positive, 1014 

Electroplating, 357 
Electropositive elements, 1061 
Electroscope, 1012 
Elements, 24 
— — , bridge, 993 . 

, classification, 990, 996 

definition of, 26, 1037 

, devolution of, 1034 

, evolution of, 1034 

extmot, 1036 k 
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Elements, group, . 

— » isotopic, 1032 , , ' ^ : 

missing, :;994 ■■/''' . 

— mutability of, 1034.' 
naming, 62 

, occurrence o|, 112, 1036 

, theory of four, 26 

, theory of three, 26 

, transitional, 993 

, transmutation of, 26, 1039 

, typical, 993 

Emerald, 400, 963 
Emery, 772 

Empirical knowledge, 7, 9 
Enantiomorphic quai’tz, 946 
Endosmosis, 247 
Energy, 132 

, available, 134 

, chemical, 136 

, degradation, 136 

, dissipation, 136 

, factors of, 447 

, free, 134 

, intra-atomic, 1041 

, kinetic, 134 

of atoms, 149 

, potential, 134 

, total, 184 

Enriched water gas, 879 
Enstatite, 401, 951 
Epsomite, 537 
Epsom salts, 400, 401, 637 
Equation, chemical, 85 
Equilibrium, apparent, 137 

, chemical, 120 

^ conditions of, 195, 315 

>—- — constant, 642 

, effect of pressure on, 319 

, effect of temperature on, 319 

, false, 137 

, kinetic theory of, 314 

, metastable, 136 

, van’t Hoff’s law, 319 

Equivalent conductivity, 370 

, electrochemical, 367, 369 

weights, 43 

Erbium, 985 
Ermacausis, 904 
Errors of experiment, 28 
Etching glass, 326 

, test fluorides, 327 

Ethane, 864] 

Ether, 853 
Ethyl alcohol, 801 

ferrocyanide, 933 

nitrite, 631 

orthoborate, 766 

r othosxlicate, 951 

sulphuric acid, 863 

Ethylene, 952, 860 

dibromide, 866 

dichloride, 854 

Euomorine, 343 


Europium, 986 
Eutectic, 193 

— temperature,.. 193" 

Eutexia, 193 
Euxenite, 983 
Evaporation, 186 

kinetic theory of, 185 

, reduced pressure, 23! . 

Evidence, circumstantial, 36 

, cumulative, 36 

Exosmosis, 247 
Experiment, 9 
Explosions, 910 
■ , wave, 91C 

.F 

Fabad, 367 

Faraday’s dark space, 1011 
— gold, 145, 463 

laws electrolysis, 358 

Fayalite, 961 
Felspar, 30, 772, 953 

lime, 953 

potash, 953 

soda, 953 

Fergussonite, 690 
Fermentation, 801 
Ferrates, 605 
Ferric acid, 606 

• chloride, 297 

chlorobromide, 298 
. — ^ — “ - — ", hydrates' of, 301 . 

— ^ vapour density, 301 

^ ferrocyanide, 935 

hydroxide, 602 

nitrate, 589 

I - oxide, 602 

sulphate, 543 

sulphide, 496 

Ferricyanides, 932, 936 
■■ - Ferrite, 388'' ■ 

Ferro chromium, 669 
Ferrocyanie. acid, 933, 934 
Ferrocyanides, 932, 936 
Ferromagnetism, 584 
Ferromanganese, 683 
Ferrosoferric oxide, ‘ 603 
Ferrotitanium, 982 
Ferrous acid, 604 

ammonium sulphate, 538 

carbonate, 813 

chloride, 302 

chromite, 667 

ferricyanide, 935 

ferrite, 603 

ferrocyanide, 935 

hexamino chloride, 302 

hydroxide, 601 

metaphosphate, 728 

-‘—r — nitrate, 689 
oxide, 601 

potassium ferrocyanide, 935 

— — sulphute, 637 
— — sulphide, 494 
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Ferro vandiiim, 762 , 

Filtration water, 180 . 

Fire damp, 848 ■ 

Fixed air, 417, 805 

alkali, 41.4 

'Flame, Bunsen’s, 927 ' 

• caps, 913 , ■ 

chemistry of, 91,9 
-- — , luminosity of, 923 • 

^ Smitheils’ ' separator, 918 

— ~ standard, 913 

, stmeture, 9lo 

F'iames, double mantled, 917 

single mantled ,916 

Flas'h po'int, 909 ^ 

Fleitmann’s 'distinction, arsenic anti- 
mony, 745 
Flint, 947 . 

Fiiiobomtes, .772 
.li'luorapatite, 704 
Fl.uorescence, 324 ' 

Fluoric acid, 329 
Fluorides, 328 
— — , acid, 328 
— , etcluiig test, 3'27 
Fluorine, 329 

, atomic weight, 331 

, history, 329 ' ' 

, oceurre.nee, 329 

, preparation, 330 

, properties, 331 

Fluorite, '324 
Fluoroform^ 960 
F.lw>rspar, 324, 397 
.Bluosiiicates, 968 
Fluosulphonic acid, 507 
Force, 133 
Formaldehyde, 804 
Formic acid, 808, 836, 938 
Formula, constitutional, 87, 528 

, chain, 499 

, empirical, 79, 528 

, grapliie,. 87, 528, ” 

, molecular, 528 

, rixtional, 528 

, struetui’al, 87, 528 

;:ive,ight'','79.' ■■■ 

Fractional crystallization. 204, 266 

combustion, 850 

xlistilJation, 188, 230 

precipitation, 986 

Franklaiid’s theory luminosity, 926 
Fr^nkiinite, 403, 582, 778 
Fraimiiofer’s lines, 423 
Freezing mixtures, 288 
— — of solutions, 192 

poiiit of solution, 259 

Fr6ray*s salt, 326 

Fuel gases, -874 ■ , 

, calorific power, 865 
Fuller’s eptli, 965 

Fulminating^ gold, 466 
Finning liquid. 274 

Fusible’ alloys, 743 ; 

Fusion, latent heat of, 186 


■ ^ a , 

Gadolinite, 985 
Gadolinium, 985 
Gahnite, 403, 778 
Galena, 472, 494, 972 
Gallium, 779, 995 

alums, 781 

Galvanized iron, 439 
Gamma rays, 1024 
Ganister bricks, 948 
Gan’s zeolitic process, 818 

y permutite process, 818 

Garnierite, 606 
Gas, 23, 186 
— - — analysis, 69 
carbon, 873 
— — constant, lOo 
— — , detonating, 68 
— — electrolytic, 68 

equation, 261 

— lime, 872, 873 

- — - liquor, 872 

— ~ occluded in minerals, 691 

_ solubility in liquids, 824 

silvestre, 804 

— ^ — tar, ■872- 

trough, 58 

Gases, kinetic theory, 138 
— ' — , liquefaction, 151 

, , Linde’s process, 151 

noble, 460 

, permanent, 101 

Gasoline, 864 
Gay-Lussac’s tower, 580 
Geber, 19 
Generalization, 8 
Generator gas, 873 
Geo-coronium, 683 
Geometrical isomerism, 628, 669 
German silver, 453, 607 
Germanium, 966, 995 

tetrachloride, 957 

Geyserite, 948 
Gibbs’ phase rule, 194, 196 
Gifobsite, 772 
Glass, 966 

, Bohemian, 957 

, cut, 957 

, etching, 326 

, f int, 957 

, Jena, 957 

, plate, 957 

, potash, 95T 

, quartz, 947 

■; :957/t 

Glauberite, 266 
Glaucodite, 495 
Glover’s tower, 520 
Gluciiium. See Beryllium 
Gob, 904 
Gold, 459 
- — —/alluvial, 459 
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Gold, colloidal, 462? 

■ disulphide, 491 

extraction, 461 

, his|;ory, 459 

, occurrence, 459 

, properties, 459 

reef, 469 

— — refining, 462 

^ oupellation, 462 

^ electrolysis, 462 

— solvents for, 460 

sulphide, 491 

trisulphide, 491 

, uses, 460 

, virgin, 459 

Goldschniidt^s process metals, 660 
Gothite, 687, 602 
Graham’s law diffusion, 127, 140 
Granite, 31 
Graphite, 892 

, Brodie’s, 893 

, colloidal, 894 

, sprouting, 893 

Graphitic acid, 892 

carbon, 699 

Graphitites, 892 
Green vitriol, 537 
Greenockitc, 254, 404, 492 
Grove’s cell, 441 
Guano, 614 

Guldberg and Waage’s law, 123 
Guncotton, 869 
Gun-metal, 463 
Gunpowder, 36, 868 
Gutzeit’s distinction arsenic antimony, 
746 • 

Gypsum, 265, 397, 472, 634 
H 

H-gsMATiTB, 587, 602 

, brown, 587 

, red, 687 

Haemoglobin, 906 
Hafnium, 984 
Halides, 362 
Halite, 268 

Halogen, elements review, 352 
Halogens, 362 
Halotrichite, 642 
Hardenite, 600 
Hardness of water, 818 
Hargreave’s process, sodium sulphate, 
629 

Hausmannite, 677, 582 
Hauy’s law, 206 
Heat evaporation, 186 

formation chlorides, 286 . 

■ fusion, 186 . 

Heavy spar, 398, 472, 636 
Helium, 689, 690, 1026 
Henryks. law, 826 

Separ sulphuric, 490 ' -V ‘ 

Bfeptad^ 87 - ■ > ‘ . ' ' ’ ' ’ 

Hercynite, 778 


Heroult’s process aluminium, 773 
Hess’ law,., 242 

of thermo neutrality, 387 
Heusler’s alloys, 5S4 
Hexaboron hydride, 771 
■ Hexagonal system crystals, 210 
Hexathionic acid, 662 
Hittorf’s experiment, 373 
— phosphorus, 709 

Hofmann’s distinction arsenic ants- 
■mony,'746 
Holmium, 985 
Homeomorphism, 216 
Homologous series liydrocarbons, 869 
Homology, 869 
Horn quicksilver, 292 
— — silver, 294, 455 
Hydracids, 167 
Hydrargiilite, 772 
Hydrates, 7, 9, So 
■ — .stability , of, 634 

, vapour pressure, 290j, 631 

Hydraulic cements, 396 

mining gold, 461 

Hydrazine, 669 

chlorides, 670 

hydrates, 670 

sulphate, 669 

Hydrazoates, 672 
Hydrazoic acid, 671 
Hydrides, 126 
Hydriodic acid, 321 
Hydriodobismuthous acid, 748 
Hydrobrnmic acid, 310 
Hydrocarbons, 684, 859 
— — , constitution of, 860 

, homologous series, 869 

Hydrochloric acid, 272 

• — , ■e.lectrolysis, 283 . 

— •---•,'liistory,,,276 

manufacture, 274 . 

- ■ 'uses, '276 

Hydrochloroauric acid, 296, 468 
Hydrochloroplatinic acid, 786 
Hydrochioroplatinous acid, 787 
Hydrochloroplumbic acid, 297 
Hydrofluoboric acid, 772 
Hydrofluoric acid, 325 

, manufacture of, 325 

Hydrofiuosilicic acid, 968 
Hydrogels, 300 
Hydrogen, 67, 684 

' , ailotropic, 1019 

, atomic, 126 

bromide, 309 

hydrates, 3 ! I 

— chloride, 27 1 

- — composition, 282 

— — hydrates, 272 
- — — preparation, 271 , 

^ properties, 272 

--^'.'.■dioxide, ... li;ydrogen.,,|»w3dii» 
disulphide,' 49B ^ 
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llydmgmi pquivaieiit of ■ ’metals, ,116 ■ 

— — ™ fluoride, 326 

, composition of, 327 

properties, 326 

vapour density, 327. 

— history, 67 

ill pi^riodic system, 998. 

— iiidide, 320 

— , aetion suipliiir dioxide on, 

■ '.607 

^ properties, 321 

oecurrence, 112 

— • ppotasulphide, 499 

peroxide, 224, 228, 684 

-• composition, 235 

constitution, 236 

, formation of, 228 ■ 

occiirren.ce, 231 : 

— of crystallization, 633 

preparation, 230 

- - - properties, 231' 

— tests, 234 

-- - - parsiilphidc, 998 
“ piiosphide, 716 

liquid, 718 

solid, 719 

piio.sphides, 716 

preparation, 68, 11.3 

“ properties, . 68, 123 

— - pure% 63 ' ■ 

— sulphide,' 482 ■. 

, action on. arsenic tmid, 768 

- , action on salt solutions, 496 

compovsition, 488 

decomposition, 487 

- — - drying, 486 

— -^:his.to,ry, 4B5 

• occurrence, 486 

— ... preparatiotii^.' 486 . . 

— « properties, 486 

— ^ reducing action, 487 

tfisuipinde, 499 
Hydrocyimie acid, 937 
Hydrogenite, 113 
Hydmgeniuin, 125 
BydroL 184 
Bvdrolith, U3 

BydrolysiH, 172, 286, 387, 638 
— ionic, theory of, 639 
Byiimmq 113, 184- 
Hyiiro nitric acid, 671 
B*ydrynol, 184 
H>dfosolH, 300 
Hydrosulpludes, 489 
JlyiirOHulphuric acid, 487 
.Hydroxides, 175 
H>airoxykmate», 666 
IlydroxyltiTOine, 666 
— hydriodkie, 666 
— — « hyiiftajhlorkle, 665 
' aulplionie acids, 668 
Hyiaaintimonic acid, 766 
lf.y|K.)IiromIfc©B, 347 
Hyrmbr«:fmou« acid, 347 
.liypodilorifces, 336 _ • , 


mm 

Hypoohlorous acid, 334 
-—'— anhydride, 333 
Hypoiodltes, 347 
Hypoiodous acid, 347 
Hyponitrites, 027 
Hyponitrous acid, 627 
Hypophosphites; 732 
Hypophosphoric acid, 733 
Hypophosphorous acid, 732 
Hyposulphates, 549 
Hyposulphites, 612, 648 
Hyposulphiirous acid, 611, 612 . 

Hypothesis,, 12, 14, 19, 20, 21 
Hypotheses, rival, 17 
verification of, 16 

, working, 18 

Hysteresis, 99, 136 
Hyzone, 126 


'' I'''' 

Ice, 184 

Iceland spar, 390 
Ideal gases, 829 
Ignition point, 908 
— — temperature, 908 
Ilmenite, 981 
Imidosulphonio acid, 667 
Imidosulphuric acid, 668 
Impurities, effects of, 39 
Incandescent mantles, 924 
Indicators, 170 
Indium, 779 

alums, 781 

Induction, deductive, 18 

, electric furnaces, 898 

, inductive, 18 

Inductive method, Newton’s, 18 
Inert gases, 689, 997 
Inflammable air, 67 
Infusorial earth, 948 
Insoluble substances, 190 
Intensity factor energy, 448 
Intermediate oxides, 174, 767 
Invar, 607 

Invariant systems, 196 
lodates, 347 
Iodic acid, 348 

anhydride, 349 

Iodides, 313, 322 
Iodine, 312, 997 
— — , atomic weight, 314 

dioxide, 349 

heptoxide, 346 

history, 312 

— — , manufacture, 312 

monobromide, 331 

- monochloride, 331 

occurrence, 312 

pentafiuoride, 331 

— — pentoxide, 349 
— ,r properties, 313 

purification, 313 

r—-*— solutions, 313 
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Iodine tetroxide, 349 

trichloride, 331 

trifiuoride, 331 

uses, 314 

vapour density, 314 

Ionic hypothesis, 303 

1 ^ failure of, 440 

history, 307 

in analytical chemistry, 387 

Ionium, 1030 
Ionization, 364, 1051 

constant, 377 

, degree of, 370, 377 

intramolecular, 1058 

, modes of, 370 

percentage, 370, 377 

Ions, 38, 364 

coloured, 565 

, colourless, 565 

, equilibrium of, 376 

, migration of, 372 

, number in solutions, 368 

, speeds of migration, 374 

, strong, 434 

, weak, 434 

Iridium, 783 

sesquioxide, 788 

Iiidosmine, 790 
Iridosmium, 783 

Iron. 8e& Ferrous and Ferric, 586 

allotropy, 588 

atomic weight, 690 

borides, 770 

carbonyls, 841 

cast, 594 

enneacarbonyl, 841 

family elements, 608 

, galvanized, 439 

history, 586 

nitride, 302 

occurrence, 587 

, passive, 689 

, pentaearbonyl, 841 

, pig, 590 

, grey, 694 

^ mottled, 694 

^ white, 594 

preparation, 558 

— — properties, 688 

pyrites, 472, 495, 587 

rusting, 589 

sulphide, 494 

tetracarbonyl, 841 

, wrought, 594 

Ironstone, 956 . 

Irreversible cells, 439 
Tsooyanides, 938 
Isodimorpbism, 216 . , 



Isomerism, physical, 62S 

, structural, 511 

— — syn type, 627' ' 

Isometric system crystals, 2i0 
Isomorphism, 214, 215 

, atomic weights by, 2 1 7 

■ — tests of,. 216,,. 

Isonitriles, 938 
Isotopes, 81, 1032 
Isotopic elements, 1032 
Isotrimorpliism, 207 
Ivory black, 885 


■ ■' .'X , , 

Jabgonia, 982 

Jasper, 947 

Jolly’s apparatus, 688 

Joule, 446 

Joule’s law, 698 

Joule -Thomson effect, 149 


■■ K 

Kainite, 265, 401, 529 

Kalkstickstoft’, 936 

Kaolinite, 953, 955 

Kaoiinitic acid, 953 

Katabolic processes, 905 

Kelp, 312 

Keramohalite, 540 

Kerargyrite, 455 

Kerosine, 864 

Kieselguhi’, 945, 948 

Kierserite, 265, 401, 529, 537 

Kinetic theory atoms, 146 

chemical action, 120, 315 

— crystal growth, 212 

equilibrium, 3 1 4 

— evaporation, 188, . 

~ — , gaseous solution,, . 824 

, Sfenry’s law, 826 

^ molecules, 138, 140, 145 

^ supersaturation, 200 

King’s yellow, 756 
Kipp’s app^iratus, 61 
Kish, 893 

Knowledge, empirical, 7, 9 

, scientific, 7 

Kohlrauseh’s first law, 369 

second law, 374 

Kopp’s rule, 698 • 

Kraut’s experiment ainixionla^ 653 
Kryptol, 894. 

Krypton, 689 
Kupfernickel, 606, 737 


■ ^ 

■' solution, 335 ,, 

i, Iiabile, state of solution, 199 
; lisatp, self-lighting, 125 
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Lamblaek, 882 
Lanthanum, 781, 

LapiR lazuli, 956 

solis, t‘l98 

Latent henit fusion, 186 

— — •vaporization, 1S6 

Laughing gas, 634 

Lavoisier and Laplace’s law, 23S 

Law, 12, 102 

— , Blagden’s, 102 

„ — Boyle’s, 96, 139, 249 

, Charles’, 103, 140, 250 

— — eombiiiing volumes, 72 ■ 

■ , eompoiind proportion, 44 

— — , ComtcCs, of three states, 1' ■ * 

— conservation of weight, 45' 

, constant composition, 27 

— — . definite proportions, 2S 

, Dulong and Petit’s, 695, 697, 699 

Oay Lussac’s, 73 ' 

— Graham’s., 127, 140 ' 

, Goldberg and Waage’s, 123 

— ^ , Hess’, 242 

^ ^ thermo-neutrality, 387 

, indestructibility of matter, 45 

, 3'oiile*s, 698 

KohlraiK'.h’s first, 309 

. — second, 374 ^ . 

— , Mitsohei'lleh’s, 214 

, multiple proportions, 40, 48 

- — ™, Keumann’s 097 
^ octaves, 990 
■—-—of causation, 14 ■■ 
of nature, 42 ■ 

Ostwald’s dilution, 377 

partial pressures, 101 ■ 

— . periodic, 991, 1047 
— — ", iwrsistence of energy, 134 
,™ — , — of weight, 45, 1038 

, Proust’s, 28 

, Baoult’s, 256, 269 

— ■ — , reciprocal proportions, 42 
Hohibility, 378 

transformation of energy, 132 

— Wilhclmy’g, 117 
— — Winner’s, 252 
Lazulite, 704 
UawL 972, 1030 
— argentiferous, 455 
azide, 672 
carbonate, 813, 814 
basic, 816 
— chloride, 297 
— .1. cliiorite, 343 
~ chromate, 662 
basic, 662 

desilverization, 467 

Parke’s process, 458 

— — , Pattinsoh’s process, 4.57 

„ — . extraction, 973 . ■ 

— hydroxide, 976 
— Ijypophoaphate, 733 
— metaplumbate, 977 

monoxide, 976 , , . 

nitrate, 630 , ' 


Xjead orthodisilieate, 961 

orthoplumbate, 977 

— — oxides, 976 

— — , eo.iistitution, 977 

oxychloride, 297 

— pencils, 893 

_ peroxide, 976 

phosphide, 710 

potassium sulphate, 639 

— — - pyrophoric, 904 

sesquioxide, 976 

silver alloys, 458 

suboxide, 975 

~ — sulphate, 526, 539 
' — ^ — acid,, 539 
basic,' 539 
sulphide, 493 
— tetracetate, 977 
— — tetrachloride, 297, 957, 977 
— tetrafluoride, 977 

tetrahydroxide, 297 

tetraphosphate, 977 

tetroxide, 976 

thiochloride, 494 

— — tin alloys, 969 
- — — trinitride, 672 
Leblanc’s black ash process, 820 

— salt cake process, sodium sulphate, 
529 

le Chatelier’s equilibrium law, 320 

Leelanch5’s cell, 441 

Leguminous plants, 616 

Lenard’s rays, 1013 

Leonite, 265, 266 

LepidoUte, 427 

Leucite, 953 

I^eucone, 960 

Lignite, 890 

Ligroin, 864 

Lime, 394, 395 

Limestone, 392, 394 

Limonite, 587, 682 

Linde’s process, liquid air, 161 

, oxygen and nitrogen, 162 

Liquation, 740 
Liquefaction gases, 151 

— — , Linde’s process, 161 

Litharge, 975 
Lithia, 427 
Lithium, 426 

carbonate, 427 

chloroplatinate, 780 

hydride, 427 

monoxide, 427 

nitride, 427 

Lixiviation processes silver, 456 
Loadstone, 587 

Loekyer’s evolution of elements, 1008 
Luminosity, acetylene theory, 926 
- — — flame, 923 

Davy’s theory, 926 ■ 

— Frankland’s theory, 925 

Luminous paints, 492 
Lutecium, 781 
Luteo*cobaltic chloride, 796 
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Magnesia. See Magnesium oxide. 

,401,.. $13.' * ^ 
——..cement, 288 

— - — -duid, 813 ' 
levis,'' 403 

— — ponderosa, 403 
Magnesioferrite, 778 
Magnesite, 401 
Magnesium, 400, 401 

ammonium phosphate, 737 

— — , atomic weight, 401 

boride, 770 

carbonate, 813 

^ basic, 813 . 

• chloride, 286 

hydroxide, 402 

nitride, 664 

occurrence, 401 

orthodisilicate, 86 1 

oxide, 402 

oxychloride, 287 

preparation, 401 

properties, 402 

pyrophosphate, 727 

siiicido, 962 

sulphate, 637 

zinc family elements, 410 

Magnetic alloys, 680 

iron pyrites, 496 

oxide, 587, 603, 778 

Magnetite, 582, 603 
Magnets, Mayer’s floating, 1045 
Magnus’ green salt, 787 

rule electrolysis, 446 

Malachite, 451, 813 
Malonic acid, 839 

anhydride, 839 

Manganates, 678 
Manganese, 681 
•«— <— arsenide, 738 
— — atomic weight, 683 

blende, 682 

bronze, 463 

carbide, 682 

dioxide, 676 

^ hydrated, 678 

dithionate, 649 , 

" — - heptoxide, '68# , ' . , ' 

— munganit^, 677 s- ‘ • 

nitride, 682 

occurrence, 682 

— ^ orijhomanganite, 677- r 

phosphide, 710 

. — ^ preparation, 68^ . 

— properties, 682 ' . , 

- — , relation to haloge3ciS|,;683 

• >- — se»c(tiioxid©, 677 ' 

tetrachloride, 304 

trichloride, 303 

trioxide, 680 


Manganic acid, 579. 580 .. .... . 

anhydride, 580 

— chloride, 303 
— > — .hydroxide, 577, 57S . 

■ — -—-potassium alum, 576' 

——— sulphate, 576 

trioxide, 580 

Manganin, 607' 

.■ Manganite, 582 . 

Mangano -manganic oxide, 677 
Manganous acid.,, 676 

.' carbonate., 578 ' 

— — chloride, 303 
— — hydroxide, 578 
1 ™. oxide, 678' 

Marble, 390 
Marcasito, 496, 744 
Marine-acid air, 276 . 

Marsaut’s safety lamp, 913 
I Marshall’s reacfc.ioi:t, '544 ■ 

Marsh gas, 847 

Marsh’s test, arsenic antimony,. 746 
Martensite, 600. 

Massicot, 976 
i Matches, friction, 720 
I , safety,: 72.1 . 

I friction, 721 

' Matloekito, 073 
I "Matte, 462 .. ' ' 

Matter, 132 

' , annihilation of, 1042 

I — — , creation of , 1 042 

, Thomson’s corpuscular theorv. 

1044 

Maximum work, principle of, 240 
Mayer’s floating magnets, 1046 
Mechanical mixtures processes, Sepam- 
tion, 34 

Meerschaum, 401 
Mailer, 883 
..: Meker’s burner, 928 
Mendel^eff’s periodic law, 991. 

Mercuric amido -chloride, 291 

chloride, 291 

cyanide, 936 

diamino -chloride, 291 

iodide, 324 

nitrate, 630 

' j basic, 630 

— oxide, 22, 166, 410 
— — oxychloride, 291 
' — sulphates, 630 

sulphide, 292 , 

■ thiocyanate, 942 

Mercurous chloride, 292 

— , vapour, density, 292 

, — chromate, 662 

. — ^ iodide, 324 
— : — nitrate, 630 

^ basic, 630 

- — " oxide, 410 

sulphates, 630 

sulpliide, 492 

Mercury, 406 
^ — —7 atomic weight, 408 
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Mercury carbonate, 813 „ 

occurrence, 405 

phosphide, 710 

preparation, 405 'V. 

■ , properties, 406 

sulphides, 403 

thiociilorido, 403 

thionitrate, 403 

.uses, 408 ■ 

Mesoiiitric acid, 622 
Meso-oxalic acid, 959 
Mesopliosphoric acid, 728 
Meta-aiuininates, 778 
Metn-antimonic acid, 754 
IMetfi-antimooious acid, 753 
Meta-antimonites, 752 
Meta-arsenic acid, 753 
Meta-bismuthic acid, 756 
Metabolic products, 840 
Metabolisra, 005 
Meta borates, 707 
Metaboric acid, 7 66 
Metacarbonates, 808 
Metaearbonic acid, 808 
Metacinnabar, 493 
Meta-eiements, 987 
Metalloids, 83 
Metals, 83 
— base, 460 . . . 

— hydrogen equivalent, 115 

, Noble, 460 . . . 

sacrificial, 430 ■ 
Metaluminic acid, 778 
Metamerism, 6G0 
Metanitric acid, 632 
Metanlti’ous acid, 632. 
Metapkosphates, 728 
Metaphosphoric acid, 727 
Metaphosphorous acid, 732 
Metapliimbic acid, 977 
Mefcusilicates, 961 
iMetasikcic acid, 960 
Metustable systems, 199 
,Metastnnmc acid, 970 
^ ct, 970, ■ 

970 

Metasulpimric acid, 52S 
Metathesis, 861 
Meiuthioarscnic acid, 768 
!\-h‘tathioursenioas acid, 767 
Mf-tatropism, 483 
MetiM^rites, 687 
Methane, 847, 1018 
profxjrties, 849 
Methyl alcohol, 886 
ehloride, 850 
Mica, 30 

MiercJCOHmio Halt, 725 
^Ticnoorgaiiisms, 682 
Milleril-e; 606 
Minaml alkali, 414 
Minerals, fc)rmiila3 of, 451 
Minium, 975 

Mfsplckeh 496, 737 ' ■ ' 

Mit8ciierEeli’'s law, 214 


Mixed crystals, 663 
Mixtures, 30 

Modes of chemical action, S61 
Moebius’ process silver, 457 
Molar’s salt, 588 
Moisture in atmosphere, 684 
Molecular attraction, 139, 149 
— — - compounds, 662 
— - formuke by analysis, 345 
■— — - heats, 697 

— gases, 699 

Hquids, 699 

solids, 698 

- theory of matter, 137 

weights, ,75' 

— > — abnormal, 261 

— Beckmann’s boiling-point 

process, 257 

— - — - ~ — , Beckmann’s freezing-point 
process, 260 

Landsberger’s boiling-point 

process, 258 

world, magnitudes in, 146 

Molecule, 75 
Molecules, 138 

— CO -volume, 829 

- — — , kinetic theory, 138, 140, 145 

vibratory volume, 830 

Molybdates, 670 
Molybdic acid, 670 

ochre, 673 

trioxide, 670 

Molybdinite, 673 
Molybdinum, 670 
— — carbonyl, 841 
— — metaphosphate, 728 

steel, 671 

Molybdite, 573 

Monad, 87 

Monazite, 704 

Monel metal, 607 

Monooalcium phosphate, 726 

Monochloramide, 666 

Monoclinic system crystals, 209 

Monohydrated sulphuric acid, 626 

-- — - trisodium hydrodisulphate, 629 

Monoperoxycarbonates, 824 

Monoperoxydicarbonates, 824 

Monoperphosphoric acid, 729 

Monosymmetric system crystals, 209 

Mordant, 296 

Mortar, 394 

Mosaic gold, 494 

Muriatic acid, 272 

Murium, 276 

Huthmann’s sulphur, 476 
Mythological stage, 2 


' N 

NAFHasA, 864 
Nascent action, 653 

state, 126, 344 

NatroUte, 963 
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Natural gas* 862 
Nebiiiai, 1,006 
NebuHum, lOOS 
Negative plate, 34 
— — pole, 33 
Neodymium, 895, 986 . 

Neon, 689 

Nessler’s solution, 324 
Neumann’s law, 697 
Neutralization, 170, 172 

, heats of, 386 

, ionic theory of, 382, 386 

Newland’s law octaves, 990 
Newton’s metal, 744 
NiecoHte, 606 
Nickel, 606 

blende, 606 

carbonyl, 606 

dioxide, 604 

glance, 606, 737 

separation cobalt, 797 

silver, 607 

steel, 607 

suboxide, 602 

tetracarbonyi, 840 

Nickelic hydroxide, 603 

oxide, 603 

Nickeline, 607 
Nickelonickelio oxide, 604 
Nickelous chloride, 306 

hydroxide, 602 

oxide, 602 

Niobite, 763 
Niobium, 760, 762 
Nitragen, 617 
Nitrates, 628 

, identification, 632 

Nitre, 611 

, cubic, 612 

plantations, 614 

Nitric acid, 619 

^ action on metals, 624 

, basicity, 629 

^ fuming, 621 

— manufacture, 620 

j monohydrate, 622 

properties, 622 

— ^ purification, 621 

trihydrate, 622 

■ uses, 621 

anhydride, 626 

ferment, 614 . ^ 

oxide, 637 ' ' ■ , • V 

— hydrate, 666 

Nitrides, 678 
Nitrification, 617 
Nitriles, 938 

NitriLsulphonic acid, 667 
Nitrites, 630 

, identification, 632 

•" - — tests, 632 

Nitro-aerial particles, 901, 

Nitro -cellulose, 869 
Nitroethanei 631 
Nitrogen, 23, 676 


Nitrogen, allotropie, 680 

chloride, 654 

, Claude’s process, 163 

cycle, 615 

— dioxide,. 637 , 

family elements, 759 

fixations, 616 

. — , Birkland and 35yde*s 

cess, 618 

— by Dactena, 616 

j Siemens and Halske’s pro* 

cess, 618 

hexoxide, 637 

iodide, 655 

isotetroxido, 641 

■ j'Littde’s process, '152. ■ 

monoxide, 632 

— — oxides, 684 

pentasulphide, 646 

u pentoxide, 626 

peroxide, 640 

preparation, 677 

properties, 678 

sulphide, 646 

tetrasulphide, 646 

tetroxide, 040 

trioxide, 645 

Nitroglycerol, 869 
Nitrohydroxylanic acid, 666 
NitroHme, 936 
Nitro-metals, 644 
Nitroprussic acid, 933 
Nitrosulphuric acid, 518 
Nitrosyl, 640 

chloride, 640 

fiuoride, 640 

Nitrous acid, 630 

anhydride, 645 

ferment, 614 

rr — - oxide, 632 
Nitroxyl, 644 

Nitroxysulphuric acid, 6 IS 
Noble gases, 460 
— metals, 460 
Nomenclature, 62 

compounds, 53 

elements, 52 

Non -coking coal, 890 
Non -electrolytes, 38 
Non-metals, 83 
Nordhausen acid, 515 
Noria, 982 


O 

Obliqtte system crystals, 209 
Oliservation, 5 
Occam’s razor, 841 
Occlusion, 125 

Occurrence of elements, 112, 1036 

Ochroite, 983 
Octad, 87 

Octahedral system crystals, 210 

Ohmf 357 
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Oildag, 894 
Oil gas, 880 

oxidation of, 904 
• — — shales, 865 
Olefiant gas, 855 
Oleiino smes, S59 
Olivine, 401, 951 
Onyx, 390 
Opal, 947 

Open hearth process steel, 698 
Opposing reactions, 119 
Orangite, 983 
Orpiment, 737, 756 
Orthite, 983 , v:. 

Ortlioaluminic acid, 777 ^ 

Ortlioiintimonic acid, 754 
Orthoantirrionous acid, 751 
Ortlioaraenic acid, 753 
Orthoborates, 766 
Orthoboric acid, 766 
Orthoearbonates, 808 
Orthocarbonie acid, 808 
Orthochise, 953 
Orthodisiiicates, 951 
Orthonifcrxc acid, 622 
OrthonitroiLS acid, 632 • 
Orthophosphates, 723 
Orthophosphorio acid, 723 
Orthophosphorons acid, 732 
Orthoplumbic acid, 977 
Orthorhombic system crystals, 209 
Orthosilicates, 951 
Orthosiiicio acid, 950 
Orthostannic acid, 970 
Orthosulphuric acid, 528 
Orthothioarscnic acid, 758 
Orthothioarsenious acid, 757 
Osmiridinm, 783, 790 - 
Osmium, 783 
— — sesquioxide, 788 

textroxido, 788 

triosicie, ' 788 '■ ■■ 

Osmosis, 247 
Osmotic pressure, 247 

pressures, abnormal, 375 

Calkmdar’s liypothesis, 254 

•— , van’t Host's hypothesis, 

248 

Ostwald^H dilution law, 377 
Oxalic acid, 959 
Oxhiution, 53, 90, 506, 942 
Oxides, 53* 162 
acidic, 64 
amphoteric, 174 
— , Ijasie, 64 

Intermediate, 174 
Oxidizing agents, 743 
Oxono, I5ir 

Oxonlum compounds, 228 
Oxyacefcylene, Sam©, 868 
Oxyacids* 167 
Oxychlodn© series, 344 
Oxygen, 23 

— , Claud©*g process, 163 p'.'. 

family elements, 664. 


Oxygen, history of;diseov’ery, 155'/ 
Linde’s process, 152 ' „ , ' 

— — , occurrence, 156 

preparation, 156; 158, 159 

_ — > ^ Brin’s process, 159. ' 

. — ,Kassner’s pro,cess, '976 ^ 

-^—-properties, 161 ' 

— ^ — , standard atomic weights, 82 
Oxyhsemogiobin, 906 
Oxyhydrogem flame, 124 
Oxyliquite, 162 
Oxymuriatic acid, 275 
Oxythiophosphates, 729 
Ozokerite, 864 
Ozone, 219; 684 
- — constitution, 225 
formation, 219 
- — ■ history, 225 • 

— * occurrence, 224 
— — • preparation, 220 
— r— properties, 221 
— - tests, 224 
— — uses', 224 
Ozonic acid, 228 


Palladious iodide, 786 
Palladium, 783 

dichloride, 786 

tetrachloride, 785 

Palladous oxide, 787 
Pandermite, 767 
Panning gold, 461 
Pantogen, 1000 
Paracyanogen, 930 
Paraffin oil, 864 

series, 859 

Paramagnetism, 684 
Paraperiodic acid, 352 
Paris green, 750 

Parke’s desilverization process, 458 

Parrot coal, 890 

Parting gold, 452 

Passive resistance, 99, 136 

Passivity, 589 

Patio process silver, 467 

Patrionite, 761 

Pattinson’s process desilverization, 
468 

white lead, 297 

Pearl ash, 413 
Pearlite, 600 
Peat, 890 
Pentad, 87 

Pentahydrated sulphuric acid, 525 

Pentathionic acid, 551 

Perborates, 767 

Perbromic acid, 361 

Percarbonates, 823 

Perchlorates, 345 

Perchloric acid, 343 

Perchrpmio acid, 663 

Percy and Patera process silver, 456 
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Perdisiilpimric acid, 544 
Perfect gases , 8259 
Period of induction, 45(> 

Periodates,.' 35 1 
Periodic acids, 351 

^ nomenclature, 351 

anhydride, 5151 

_ — law, 991, 1048 
Permanent hardness, water, 818 
Permanganates, 579, 581 
Permanganic acid, 580 

anhydride, 580 

Permeability metals to gases, 126 
Permonosulphnric acid, 644 
Peroxidates, 237 
Peroxides, 174 
, true,. 236 .. 

Perpetual motion, law of, excluded, 134 
Perphosphoric acid, 729 
Persulphates, 543 

constitution, 544 

Persulphurio acid, 643 
Fetalite, 427 
Petrol, 864 
Petroleum, 862 

ether, 864 

refining, 863 

Pewter, 969 
Pharaoh’s aerpeirts, 943 
Phase, 195 
rule, 194 

classification systems by, 

197 

Gibbs’, 194, 196, 200 

Phenomena, 21 
Philosopher’s stone, 1039 
Philosophical stage, 3 
Phlogistieated air, 676 
— — potash, 932 
Phlogiston, 20, 416 

theory, 901 

Phosgene, 639, 1018 
Phosphate rock, 704 
Phosphides, 710 
Phosphimic acid, 736 
Phosphine, 716 
Phosphinic acids, 724 
Phosphites, 732 
Phosphonitrile chlorides, 735 
Phosphonium chloride, 718 

compounds, 718 

-- — iodide, 718 

Phosphoretted hydrogen. See Phos- 
phine 

Phosphor bronze, 463 
Phosphorescence, 706 
Phosphoric acids, 724 

, history of, 729 

— reactions of, 728 , 

: Phosphorite, 397, 704 ' , 

Phosphorous acid, 730 

’ oxide, 729 

Phosphorus, 702 

, allotropism of, 705 

black, 710 ^ 


Phosphorus cycle, 7ti-{ 

dceasulphide, 72ff 

— dioxymonoc 111 0 ride, 715 

— - fio'wers, 722 

— — heptasiilpliidcj, 730 

hoxaminhio peub'i, sulphide, 7 

, Hittorfs met.; il tie, 

hydrides, 716 

r — manufacture, 7«>2 

electric procf\ss, 7o3 

retort process, 702 
■ — — .nitride, 720 
— • — , oxidation of, 706 

r- oxycliloriilc, 7 1 5 

i — - pentabromide, 7 12 
— — pentachloridc, 7 12 

pentafiuoride, 714 

pentahalidos, 712 

pentaiodidcs, 713 

pentasulphido, 730 

— pentoxid.e,'723 ' 

purification, 703 

, red, 707 

, Schenk’s scarlei, 708 

sesquisulphide, 720 

suboxide; 70S 

sulphides, 719 

tetroxido, 733 

tribromide, 712 

trichloride, 711 

trifiuoride, 712 

— — trihalides, 711 
— triodido, 712 

■ trioxide, 729 

— — yellow, 705 
Phosphoryl bromide, 715 

chloride, 716 

fiuoride, 716 

Photogene, 864 
Photography, 294 
Physical changes, 29 
Pig iron, 690 

^ grey, 694 

, mottled, 694 

white, 594 

Pintsch’s oil gas, 880 
Pitch blende, 673 
Placer mining gold, 461 
Plaster of Paris, 536 
Plate, negative, 34 

positive, 33 

Flatmate, 607 
Flatmates, 787 
Platinio hydroxide, 7 87 

salts, 787 

Platiniridium, 783 
Platinized asbestos, 790 
Flatittous hydroxide, 787 

oxide, 787 

Platinum, 783 

ammines, 793 

“ — — ammonium cojnpoundSj, 787 

arsenide, 789 

Ts black, 790 

carbide, 789 
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Flatiiiiim dichloride, ' 786 ■ , 

dioxide, 787 

disulphide, 789 

metals, 783 

- , heavy, 784. .v . 

— , light, 784 ,■ 

nitrate, 789 

• - phosphide, 789 

, spongy, 790 

sulphide, 789 

tetracliioridc, 785' 

uses, 788 

Pleoiiaste, 77S 
Plumbago, 892 
— - cruel bies, 894 ' . 

•Plumbic acid, 297 
,l?!umbites, 975 
IdtimlKfXaii, 977 
Pneumatic trough, 58 
Polarization, 440 
Pole, negative, 33 
positive, 33 
Pollux, 428 
Poioniimi, 1022 
Poly bromides, 313 
Poly chromates, 501 
Polyhalito, 205 
Poly iodides, 313 
Polymerism, 669 
Folymematioii, 262, 860, 801. 
PoI^Uiiorphism, 207, 476 
p0lyti.xides, 237 
Polypliosphoroiis acid., 732 
Polysulphides, 489 
Polythionic acids, 549 
Folytropism, 483 
Pomdaiu, 956 
Portland cement, 395 
Positive ora, 4 
— — plate, 33 
pole, 33 

• — ... rjiy mialysis, 1018 
— rays, 1017 
Potrih!.‘ w.tter, ISO 
Potasli, 413 
Potnssiinn, 418 

- amalgams, 4-08 

mutimnrjyi tartrate, 751 

.... argcido-cyaiiide, 936 

auratc, 46tS 

~ liicarlKfnnte, 810 

bromale, 347 

^Iffomide, 422 

" “ caihonaic, 413, hlO 
■' ' !i vdratcH of, 8i0 

- — far bony!, 419 

fcrroevanide, 933 

■ ■ rlilorate, 205, B3H 

» > nctiiai, iHvii cm, 157 

■" chloride, 205 
' - 271 

pr<UM‘‘rties, 170 

- punfkmtiou, 270 

■ ' rlilori’te, 343 

flilorufhroiimt#, 503 


Potassium chloroplatinate, 786 
— — ~ chloroplatinite, 787 
- — ~ chlorostannate, 296 
—— chromate, 560 

— eobalticyanide, 797 

cobaltite, 602, 605 

— ^ — euprocyanide, 936 
— — cyanafce, 940 

cyanide, 935 

— ■ — diohromate, 659, 562 

*— — ’ dihydrogen orthoantimoniate, 766 

- pyroantimoniate, 765 

— — ferrate, 605 
— — ferricyanida, 934 
— ^ — ferrocyanide, 932 
— — fluoatannate, 296 
— — hexathionate, 552 
•— hydride, 127, 420 
- — - hydrogen fluoride, 326 

- hydroxide, 414 

— — hydroxy-fluostannate, 296 

— hypermonochromate, 664 
— ■ — hypoantimoniate, 765 

— — iodate, 348 

iodide, 322 

— — “ iodobismuthate, 748 

manganate, 678 

— — metabismuthate, 756 
— — metaborate, 767 

metaplumbate, 976, 977 

— — metasilioate, 961 
— — “ methyl sulphonate, 610 

monosulphide, 490 

monoxide, 421 

— - nitrate, 6il 

occurrence, 421 

— — orthoantimoniate, 766 

pentasulphide, 490 

- — - pentathionate, 562 

percarbonate, 823 

perchlorate, 205 

permanganate, 579 

permonochromate, 664 

peroxide, 421 

perpyrosulphate, 646 

— — perruthenate, 788 

plumbite, 975 

pyroantimoniate, 755 

' — pyrosulphate, 629 

ruthenate, 788 

silver cyanide, 936 

stannite, 970 

sulphate, 628 

syngenite, 636 

tetrachromate, 561 

tetrasulphide, 490 

tetroxide, 421 

thioaurate, 491 

thiocyanate, 941 

thiostannate, 493 

— - titanate, 981 

trichrbmate, 661 

tri-iodide, 813 

trioxide,. 422 
— — triaulpMde, 490 
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Potential contact, 435 

■ diiference, 437 

discharge, 443 

Pottery, 965 
Pound calorie, 8(55 
Powder of i^lgaroth, 748 
Praseodymium, 986 
Precipitation, fractional, 986 

, ionic theory of, 380 

Primal element, 26, 999 

Primary arc, 714 

Principle of inflammability, 903 

pondorosity, 903 

reversibility, 38, 241, 319 

Prismatic system crystals, 209 
Producer, 874 
gas, 873 

Properties, additive, 32, 147 

, collegative, 251 

, constitutive, 264 

Proto-fiuorine, 1051 
Proto-hydrogen, 1050 
Protyle, 1000 
Proust’s law, 28 
Proofs hypothesis, 1000 
Prussian blue, 935 
Prussic acid, 938 
Pseudo-alums, 642 
Pseudo -peroxides, 237 
Puddling furnace, 595 
Pure su&tances, 38 
Purple of Cassius, 463 
Purpurio cobalt io chloride, 797 
Pyramidal system crystals, 209 
Pyrite, 495 
Pyrites, 496, 687 
— — , cupriferous, 587 

, iron, 687 

Pyroantimonic acid, 754 
Pyroantimonious acid, 752 
Pyroarsenio acid, 753 
Pyroborates, 767 
Pyrographitio acid, 893 
Pyroligneous acid, 884 
Pyrolusite, 676, 682 
Pyromorphite, 761, 973 
Pyrophoric powders, 904 
Pryophosphorio acid, 726 
Pyrophosphorous acid, 732 
Pyrophosphoryl chloride, 716 
Pyrosulpnates, <515 
Pyrosulphuric acid, 616, 626, 628 
Pyrothioarsenic acid, 768 
Pyrothioarsenious acid, 757 
Pyrrhotine, 496 
Pyrrhotite, 496 


Qxtabbatic system crystals, 209 • 

Quanta of energy, 700 
; Quantity factor energy, 448 
Quantivalency, 90 
Quantum theory specific heats, 700 


Quartation gold, 462 
Quartz, 30, 945 
— — , amethyst, 045 

, milky, 945 

—■ — , smoky, 946 
Quaternary system crystals, 209 
Quicklime, 304, 395 


K 

Radicals or ratiicles, 90 
Radiant matter, 1013 
Radioactivity, 1010, 1020, 1037, 1055 
— — , Armstrong’s hoiide hypothesis, 
1034 

-- — , Rutherford and Boddy’s atomo- 
disintegration hypothesis, 1034 
Radio -uranium, 1021, 1030 
Radium, 399 

clock, 1024 

degradation, 1026 

emanation, 1026 

Rain water, 178 
Kaouifs laws, 266, 269 
Rare earths, 986 

in periodic law, 998 

Bays, BecquereFs, 1020 

, canal, 1017 

, cathode, 1011 

, hard, 1016 

, Lenard’s, 1013 

, positive, 1017 

, Rontgen, 1016 

, soft, 1015 

, X, 1016 

Reacting weights, 43 
Reaction, chemical, 116 
— - — , concurrent, 165 

, consecutive, 163 

, endoelectrical, 136 

, endo thermal, 136 

, exoelectrical, 136 

, exothermal, 136 

, side, 166 

, trigger, 161 

Reagents, 40 
Realgar, 737, 767 
Reciprocal combustion, 914 
Bed lead, 976 

phosphorus, 707 

pnissiate of potash, 934 

zinc ore, 403 ^ 

Reducing agents, 943 * 

Reduction, 63, 90, 606, 942 
Reef gold, 469 
Refrigeration, 661 
Regular system crystals, 210 
Beinsche’s test, arsenic, 738 
Residual current, 442 
Respiration, 905 
Betgers’ law, 216 ^ 

Reversed combustion, 914 
Reversibility, principle of, 83, 241, 319 
Rc'Persible cells, 439 
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Rt? tit'" rcuift ion , 121 
HIM' 

JihfMirtiiut# H, till 
Hlioiiiiisitrt * 182 , itril 

— 7H8 

l(hiKio»*hru.shif»» 5S2 
Kliombic fryginln, 209 

MiHfiiibyhtnIrul HVMtkii crystals, 209 
Rif liter’s law% 171 
liobiu’H law fqiiilibriwm, S20 
Rock eryst-aU 94*7 
Hock oil, 80*2 
“ Halt, 205, 269 
rays, 1015 
RuscJoclitf, 761 
liosfo»cobaltie eiiloricle, 798 
lioHo's fusiblo metal, 744 
iicnigi^ 60.1 
Hwladinm, 427 
— ehioropliitiriate, 528, 780 

f*hIoroataRnate, 428 

Ruby, 772 

oro, 451 

RiklorlT’s Umk, 181 
Rust, 289 

Rusting^ of iron, 439, 589 
Rutheniiin, 7S1 
- — - aesqtiioxido, 788 
— — tetroxide, 788 

trioxido, 788 

Rutherford^s atom, 1047 
Rutile, 98 i 


g 

SAS'ETT*‘1UtMF, 911 

, Davy’s, 912, 913 

Marsant’s 913 

Sal ammoniac, 648 
Sailna water, 179 ' 

Salt, 166, 168, m 
— — , acid, 169 
— basic, 172 

, complex, 664 

— — , compound, 662 
— . — , normal, 169 
Salt-cake, 529, 820 
Saltern, 269 
Sait*gla7.e, 966 

Baltj^tre, 611 

— , Bengal, 616 
— Chili, 611 
— Horwegian, 619 
Balts, double, 664 
Samarium, 986 
Sapphire, 772 
Satin spar, 390 
Saturated compounds, 89 
Saturnian atom, 1046 
Scandium, 781, 086 
gcheele’s green, 750 
Seheelite, 573 

Schenk’s scarlet phosphorus, 708 « 


j Schilling’s effusion apparatus, 223 
} Schlippe’s salt, 768 
I Sehonite, 266, 637 
Schorl, 30 

Sehweinfurt’s green, 750 
Schweitzer’s reagent, 466 
Science, aim of, 6 
Seaweed, 312 
Secondary air, 598 
Seidlitz powder, 811 
Sel alembroth, 291 
Selenite, 397, 534 
Selenium, 554 
— — alums, 541 

monoehloride, 500 

Self-oxidation, 679 
Self-reduction, 579 
Selter’s water, 803 
Semi-water gas, 878 
! Semipermeabio membrane, 247, 348 
Senarmonite, 751 
Serpentine, 401, 951 
Siderite, 687 

Siomen’s ozone tube, 220 

regenerative furnace, 498 

Silane, 962 
Silica, 946 

, amorphous, 947 

bricks, 948 

garden, 952 

properties, 947 

Silicane, 962 
Silicates, 948, 950 

, naming, 962 

Silicic acids, 949 

, a, 950 

, iS, 951 

anhydride, 948 

Silicides, 961 

Siliciuretted hydrogen. See Silicane 
Silico-acetylene, 963 
Silico-chloroform, 960 
SiHco -ethane, 963 
SiKoo-ethylene, 963 
Silico-fluoroform, 960 
Silico -formic acid, 960 
— —anhydride, 960 
Silico-hexane, 963 
Siliool process, 114 
Silico-meso-oxalio acid, 969 
Silico -methane, 962 
Silico -oxalic acid, 959 
Silico-pentane, 963 
Silicon, 960 

amorphous, 960 

— — boride, 770 

carbide, 961 

crystalline, 961 

^ di-imide, 959 

— disulphide, 949 
hexachloride, 959 

r hydrides, 962 

— ^ inohosulphide, 949 
- — nitride, 959, 961 
— specific heat, 696 
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Silicon tetrachloride, 957, 958 

tetraflnoride, 957 

tetramide, 959 

Siloxicon, 961 
Silver, 465 

antimonide, 746 

— _ arsenide, 746 

, atomic weight, 456 

bromide, 323 

— - — carbonate, 404 

chlorate, 341 

chloride, 294, 323 

action, light on, 294 

chromate, 662' 

colloidal, 463 

cyanide, 936 

diamminonitrate, 629 

, extraction of, 456 

flnoride, 328 

glance, 466 

— — history, 455 

hydrazoate, 671 

hyponi trite, 627 

iodide, 322 

, lead alloys, 458 

nitrate, 455, 464, 629 

nitride, 465 

-- — , oconrrence, 455 

orthophosphate, 726 

paraperiodates, 452 

permanganate, 680 

pernitrate, 467 

. peroxide, 467 

phosphide, 710 

— properties, 455 

quadranto -oxide, 466 

— , — ses^uioxide, 467 

— sodium thiosulphate, 547 

, spitting of, 455 

s-abchloride, 294 

subfiuorides, 328 

■ suboxide, 466 

sulphate, 464 

sulphide, 490 

* sulphonitrate, 491 

thiocyanate, 941 

trjamminonitrate, 629 

uses, 456 

zinc alloys, 458 

Silveroid, 607 

Simon-Carves’ ooke own, 891 

Smalt, 608 

Smaltite, 606 

Smees* cell, 441 

Smelting process, "silver, 457 

Smithells* flame separator, 918 

Soda, 416 

anorthite, 953 

-nitre, 611, 

, extraction of, 613 

Sodamide, 654 
Sodium, 418 

aluminium fluoride, 328 


hydrogen phosphate. 


Sodium, atomic weight, 420 

bicarbonate, 810 

— — - bismuthate, 756 
— - carbonate, 413, 810 

— — hydrates of, 810 ■ 

hydrolysis, 811 

chloride, 268 

— eompGsition,.,27'l , 

occurrence, 268 , ■ 

properties, 270 

purifioation, ,270. 

— uses, .271 

chlorite, 343 

chloropiatinate, 7S6 

, — ^ chromate, 559 

• diohromate, 659 

- — dihydrogen phosplmte, 725 

pyroantimonite, 756 

dithionate, 549 

diuranate, 573 

I'erroeyanides, 932 

fiuosulphonate, 607 

hydride, 127, 420 

hydrosulphide, 489 

liydroxide, 414 

hypochiorate, 335 

— — hypochlorite, 335 

hyponitrite, 627 

hypophosphite, 512, 732 

hyposulphite, 546 

meta-antimonite, 75? 

metaphosphate, 728 

monoxide, 421 

nitrate, 611 

— ^ ^ conversion to potassium 

nitrate, 613 

nitroferrocyanide, 933 

nitroprusside, 933 

occurrence, 421 

ortho-antimonite, 762 

orthophosphate, 724 

orthosilicate, 951 

orthothioantimonate, 758 

paraperiodate, 362 

perborate, 767 

— peroxide, 421 

phosphate, 724 

, normal, 726 

phosphite, 731 

platinate, 787 

preparation, 419 

properties, 420 

pyrophosphate, 727 

sulphate, 191, 628 * 

tetrathionate, 648 

thiosulphate, 547 

trihydrosulphate, 629 

1 trithionate, 660 

[■ — — ^ trioxide, 4-22 
, i— — tungstate, 571 
' — r — uses, 420 

: zirconate, 982 

Somoni, 766 
Softening water, 817 
1 ^ Clarke’s prooe«, 817 
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Solar salt, 260 . 

Solder, 969 

.Solfatara, 472 

Solid solution, 663 

Solubility, 189 ‘ 

- — apparent, .,3 78 ■ 

— cbiorides, 288 
■~~-~;Curves, '190 

smoothing, '289 
— 'gases, ' 824 ' 

measuring, , 827 
— — , ionic theory of, 378 
— law, '3'78 

, mixed gases, 828 

product, 378 

, real, 378 

Soluble glass, 948 
Solute, 189 
Solution, 144 

, colours of, 564 

, decinormal, 172 

, iso-osmotic, 247 

, normal, 172 

, pressure, 247, 435 

, saturated, 189 

, solvate theory of, 378 

standard, 172 

Solvay’s, ammoniasoda process, 821 
Solvent, 189 

, action on electrolytes, 363 

Sombrerite, 704 
Sorbite, 601 
Sorel’s cement, 288 
Soret’s optical test, 919 
Space lattices, 211 
Spathic iron ore, 587 
Specific gravity, 32 

heat, 691 

of gases, 691 

^ ratio of two, 693 

, solids, 695 

resistance, 369 

Spectra, absorption, 429 ^ 

— gases, 425 

liquids, 425 

solids, 425 

Spectral lines, grouping of, 1003 
Spectroscope, 425 
Spectrum analysis, 422, 1002 
, continuous, 422 

, discontinuous, 423 

flame, 425 

— ^ line, 423 
. spark, 426 

Specular iron ore, 587, 602 
Speculum metal, 453 
SjDent lime, 872 

oxide, 873 

Sperrylite, 789 
Sphalerite, 492 
Sphene, 9M 
Splegeleisen, 683 
Spinel, 401, 778 

Spinthariscope, 1034 ^ 

Spirits of salt, 272 


Spodumene, 427 
Spring’s reaction, 546 
Stalactites, 819 
Stalagmites, 819 
Stannates, a, 972 
972 

Stannic cliloride, 296 
— — ^ oxide, 970 

sulphide, 493 

’ — ~ tetrachloride, 957 
Stannite, 967 
Stannites, 970 
Stannous chloride, 296 

hydroxide, 970 

hydrosulphide, 493 

oxide, 970 

oxychloride, 297, 972 

sulphide, 493 

Stannyl chloride, 971 
Stars, 1006 

Stassfurt salt beds, 265 

— — history, 266 

^ origin, 267 

uses, 267 

Steam volume synthesis, 70 

(water vapour), 183 

Steatite, 401 

Steel, annealing, 601 

constitution, 599 

hardening, 601 

— — manufacture, 596 

, Bessemer’s process, 597 

^ acid, 598 

^ basic, 698 

, cementation process, 696 

^ crucible process, 696 

— ^ eleotrio furnace process, 597 

Siemens -Martin’s process, 

698 

— : — plating, 607 
— : — recalescence, 688 

tempering, 601 

, high speed, 671 

Stereoisomerism, 628 
Stereotype metal, 740 
Stibine, 744 
Stibnite, 472, 740 
Storage cells, 978 
Strontia, 396 

Strontianite, 395, 396, 398 
Strontium, 396 

carbonate, 395 

hydroxide, 396 

oxide, 396 

peroxide, 396 

— ~ sulphate, 636 
Sublimation, 664 
Sublimed white lead, 639 
Substitution products, 850 
Suint, 413 
Sulphamide, 667 
Sulphates, 472, 514, 628 
acid, 528 

, Hargreave’s process, 529 

— — , Leblanc’s salt cake process, 629 
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Sulphides, 472., 474, 489 

alkaline, 4.89 

Sulphimide, 667 
Sulphinio acid, 553 
Sulphites, 605, 608 
- — acid, 505 

, no,rmai, 505 

Sulphoxylio anhydride, 612 
Sulpho. 6'ee Thio 
Sulphocyanides, 941 
Sulphones, 553 
Sulphonic acids, 696 
Sulphonium bases, 667 
Sulphoxylio acid, 663 
Sulphur, 471 

, a-, 473 

, 475 

, y-, 481 

, a-, 478 

, 479, 480 

, ja-, 479, 480 

f TT*, 480 

, action heat, 478 

, amorphous, 478 

and phase rule, 477 

, atomic weight, 481 

bromide, 600 

chloride, 499 

colloidal, 478 

combininjg weight, 481 

compounds in atmosphere, ^84 

dichloride, 500 

dioxide, 502 

composition of, 502 

dissociation, 604 

history, 602 

; — ^ occurrence, 602 

oxidizing properties, 606 

• , preparation, 502 

properties, 603 

reducing properties, 606 

^ synthesis, 483 

„ — ^ uses, 607 

extraction, 472 

, flowers of, 473 

gypsum, 472 

heptoxide, 643 

hexafluoride, 600 

hydrated, 651 

-- — - iodide, 600 

milk, 480 

, molecular weight, 481 

f molten, 479 

, monoclinic, 475 

— — monoxide, 653 
— — , Muthmann’s, 476 

, nacreous, 476 

occurrence, 471 

, octahedral, 473 

, prismatic, 476 

^ purification, 473 

rhombic, 473 

r, rbombohedral, 476 

473 . 


Sulphur sesquioxide, 512 , 

— ■ — , solfataric, 472' 

— soluble,. 478 

■ , tabular, 476 

tetrachloride, 500 

triclinic, 476 

tiioxide, 613 

, a-, 614 

, a-, 5U 

history, 513 

j hydrates of, 626 

— liquid, 61 4' 

occurrence, 516 

preparation, 613 

. ^ properties,. 614 

• — solid, 6.14 

uses, 473 

waters, 178 

Sulphuric acid, 614, 703 

, boiling point, 624 

^ concentratioii, 620 

— ^ const! tutio,n,' 526 

- — . .'deshyrated, . 625 ' ' , 

. — ^ ^ — , dilution o.f, 623' ".. . 

— fuming, 615 

^ m^-nufacture, 619, 622 

^ j.chamtor process,'. 616 

, contact process, 621 

^ monohydrated, 626 

, Norhausen, 616 

, pentahydrated, 625 

— properties, 623 

trihydrated, 626 

j vapour density, 624 

anhydride, 614 

Sulphurous acid, 604 

, constitution, 50B 

anhydride, 504 

Sulphury! chloride, 607 
Superoxides^ 236 
Superphosphates, 726 
Supersaturation, 198, 199 
Superstitious stage, 2 
Surfusion, 198 
Sylvine, 266 
Symbiosis, 616 
Symbols, 52 
Symmetry, 208 

, axis of, 208 

, planes of, 208 

Syngenites, 636 
Syn-type isomerism, 627 
Synthesis, 36 
Synthetical reactions, 861 


T 

Talc, 401 
Tantalite, 763 
Tantalum, 760, 762 
Tar, 873 

Tartar emetic, 761 
Tautomerism, 61 C 
Telflkrium, 564, 997 
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Temporary hardness water, 818 
Tephroite, 951 
Terbium, 985 
Terra-cotta ware, 956 
1'esseral system crystals, 210 
Tessurai system crystals, 210 ' , 
Tetraborates, 767 
Tetraboric acid, 766'- 
Tetraboron hydride, 771 ' 

Tetraealcium phosphate, 726 
Tetrachloromethane, 968 
Tetrad, 87 
Tetradymite, 742 
Tetrafiuomethane, 967 
Tetragonal system crystals, 309 
Tetraphosphorus trisulphide, 720 
Tetrathionic acid, 661 
Tiiallium, 779 
Tlioaard’s blue, COS 
Theory, 12 • 

Thermal expansion, coefficient of, 103 
'rhermoehemistry, 136, 237 
Thermodynamics, 134 
Thermoiuminescence, 325 
Thermo -neutrality, Hess’ law of, 387 
Thioantimoniates, 758 . 

Thioantimonic acids, 758 
Thioantiminites, 757 
Thioarsenates, 758 
Thioarsenites, 757 
Thiocarbonic acid, 843 
Thiocarbonyl chloride, 843 
Thiocyanates, 941 
Thiocyanic acid, 942 
Thionyl chloride, 508 
Thiophosphates, 729 
Tliiophosphoryl chloride, 715, 720 
Thiomrea, 941 
Thiostannic acid, 493 
Thiosulphates, 546 
Thiosulphuric acid, 646, 548 
Thiothionio acid, 560 
Thomfia and Gilchrist basic process 
steel, 698 
Thomas’ slag, 698 
Tlioria, 983 
Tinoriunites, 983 
Thorite, 983 
Thorium, 983, 1030 
TlniHum, 985 
Tin, 9116 

allotropic forms, 968 

alloys, 969 
— “ amalgam, 4.08 
-- — , black, 967 
« — - extraction, 967 
— grey, 968 

, lead alloys, 969 

■, lode, 967 

, phosphide, 710 

* pWe, 969 

- pyrites, 967 

'• — refjiiiiig, 967 
rhombic, 968 
Straits’, 967 


Tin sulphides, 493 
tetragonal, 968 

vein, 967 

, white, 967 

Tinoal, 767 
Tinstone, 967 
Titanates, 981 
Titanic chloride, 981 

- hydroxide, 981 

Titanite, 981 
Titanium, 980 
— — dioxide, 981 
— — monoxide, 982 

— nitride, 982 

— sesquioxide, 981 

trioxide, 982 

Titanous chloride, 981 
Topazes, 328 

Transformer, electric furnace, 898 
Transition point, 191 

temperatures, 191 

Transport numbers, 374 
Travertine, 820 
Triad, 87 

Triboluminescence, 325 
Triborene, 771 

Triclinie system crystals, 209 
Tridymite, 946 
Trigonal system crystals, 209 
Trihydrated sulphuric acid, 525 
Trihydrol, 184 

Trimetric system crystals, 209 
Trimorphism, 207 
Trinitrides, 672 
Triple point, 196 
Tripoli, 948 
Trisulphimide, 667 
i Trithionic acid, 560 
: Trona, 119, 414 
Tungsten, 671 

bronze, 672 

^ chlorides, 572 

Turnbull’s blue, 934 
Turpeth mineral, 530 
Turquoise, 704, 772 
Tuscany acid, 765 
Tuyeres, 592 
Tyndall’s effect, 505 

optical test, 143 

Type metal, 740 


■ ■■ ■ ' XJ" ■ ■ 

TJlexite, 767 
XJltramine, 956«» 

Uitramicroscope, 143 
Uitramicroseopy, 143 
Undercooling, 198 
Unimolecular reactions, 317 
Unitary theory of matter, 999 
Univariant system, 196 
Unsaturated compounds, 89, 1061 
Uraninite, 573, 690 
Uranto, 572, 1021 
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Uranium, degradation of, 1030 
— X, 1030 
Uranyl, 573 

ammonimn phosphate, 573 

Urao, 414 
Urea, 840 
Urstoff, 1000 


V 

Valency or valence, 86, 148, 1052 

, Abegg’s contra, 1063 

, normal, 1063 

, active, 88 

— — , auxiliary, 701 
, chief, 791 

, electronic, hypothesis, 1066 

, maximum, 88 

, null, 1052 

, primary, 791 

, secondary, 791 

, Werner on, 790 

Vaientinite, 751 

Van de Waals’ gas equation, 829 
Vanadinite, 761 
Vanadite, 761 
Vanadium, 760 ' 

Van’t Hoff’s hypothesis osmotic pres- 
sure, 248 

Vaporization, latent heat of, 186 
Vapour, 187 
density, 107 

determinations, ‘direct 

weighing, 107 

^ Dumas’ process, 107 

^ Hofmann’s process, 109 

^ Meyer’s process, 109 

pressure, 187 

and osmotic pressure, 252 

water, 194 

Varec, 312 

Variable dependent, 195 

independent, 196 

Variance, 195 

Vaseline, 864 

Vein mining gold. 461 

Velocity electrolytic conduction, 368 

reaction, 117, 118 

Verdigris, 462, 813 
Vermilion, 493 
Virgin gold, 459 
Vital force, 840 
Vitreous ware, 956 
Vitriol, 638 

, blue, 530 

, oil of, 538 

, white, 638 

Vivianite, 704 
Volatile alkali, 414 
Volt, 357 , 

Voltage, 368 " 

Voltages decomposition, 442 
Voltameter, $58 

Volumes of gases, measuring, 188 


■W" ' 

■ Wackenboueb’s solution, 551 
: Wad, 582 

I Wade, 5.82 : ■ . 

Washing processes, gold, 401 
Wasmium, 983 

■ WaterMS, 155 

Cavendish’s synthesis, 08 

combination, 532 

composition, 69 sea* 

, constitrxtioixal, 532 

r~ crystallization, 532 

cycle of nature, 177 

decomposition by electricity, 67 

■— — ' by metals, 65 

distillation, 1 80 

drinking, 180 

, Dumas’ synthesiH, 63 

filtration, 180 

, fresh, 178 

ga.s, 877 

glass, 948 

ground, 178 

, hard, SI7 

in nature, 819 

, hardness, 818 

permanent, 818 

, temporary, 818 

hydration, 632 

— — , Lavoisier’s experiments, 39 

liquid, 183 

, mineral, 178 

— — , molecular structure, 183 

, Morley’s synthesis, 62 

, potable, 180 

, properties, 181 

, rain, 178 

, river, 179 

, sea, 179 

, soft, 817 

, spring, 178 

, surface, 178 

, synthesis, 59 

Waveliite, 704 
Weathering rocl<s, 954 
W'eldon’s recovery process, 276 
Welsbach’s mantle, 924 
Weston’s cell, 442 
White lead, 814 

manufacture, 815 

' — — , chaml>er corrosiorih 816 

„ — electrolysis, 816 

— Dutch, 815 

' Stack, 815 

^ — Th5nafd’s, 816 

— --- — sublimed, 639 
Willemite, 403, 951 
Williamson’s reaction, 853 
Witherite, 395, 398 
Wolfram, 673 
Wollastonite, 951 
Wqod, 890 
spirit, 884 



Wood's fusible metal, 744 

<,inetai, 744 

Work, 132 
Wouffe^s Dottie, 68 
Wrought iron, 696 
Wiiiienite, 613, 973 
Wiiliner’s law, 262 
Wurtzite, 4-92 


■ X 

X::BAYS, 1016 . , 
Xenon, 689 


Yellow prussiate of potash, 934 
Ytterbium, 781, 986 
Yttria, 985 , ' . 

Yttriotantalite, 763 •'* 

•'Yttrium, -781 


z ■ . ■ , ■ ^ 

Zeeman effect, 1005 
Ziervogei’s process silver, 466 
Zinc, 403 


IHDIX 

Zinc amalgam, 408 
■ — — arsenide, ,745 

atomic weight of, 408 

. blende, 403, 4,72, 492 

_ carbonate, 813 

chloride, 285 

— — ferrite, 604 

hydroxide, 409 

— — monoxide, 409 

occurrence, 403 

orthosilicate, 961 

oxychlorides, 287 

peroxide, 409 

, preparation, 404 

— — ■ properties of, 406 
— — silver alloys, 458 
spar, 403 
— spinel, 403 

sulphate, 37, 538 
- — — sulphide, 492 
— ■ — uses, 492 
Zincates, 409 
Zincite, 403 
Zinkenite, 409 
Zircon, 961, 982 

lamp, 983 

Zirconia, 983 
Zirconium, 982 
— —dioxide, 982 
— — hydroxide, 982 
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